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PREFACE 


The present extensive use of appliances in modern radio¬ 
telegraphy and radiotelephony based on the thermionic 
emission from an incandescent cathode in a vacuous bulb, 
of which the Fleming oscillation valve was the first repre¬ 
sentative, has given rise to much published information on 
the subject in technical journals as well as to numerous 
patent specifications. Since most of the recent great 
advances in wireless telegraphy and telephony are dependent 
on the employment of these inventions it seemed desirable 
to collect together in a single volume some of this literature 
for the assistance of radio-engineers. The author, there¬ 
fore, accepted the invitation of The Wireless Press , Limited , 
to write a small book on the practical side of the subject. 

It has not been deemed necessary to enter very fully into 
the purely scientific researches on thermionic emission from 
incandescent substances, because it has already been treated 
very fully by Prof. 0. W. Kichardson in his excellent mono¬ 
graph, The Emission of Electricity from Hot Bodies (Long¬ 
mans, Green & Co., London). 

The introductory chapter of the present volume, never¬ 
theless, provides a brief sketch of the researches which led 
up to the practical applications described in subsequent 
chapters. The author has, however, felt it necessary to 
explain in rather full detail the history of this practical 
application by himself and others, and of the patent litiga¬ 
tion which has taken place in the United States and in Great 
Britain in connection with it, on account of the efforts which 
have been made to depreciate the Author’s work on this 
subject. The legal judgments in these actions are printed 
as an appendix, and will enable the reader to view the ques¬ 
tions of priority of invention from the standpoint of unbiassed 
and competent judges. 

One other matter calls for remark, and that is the question 
of nomenclature. The essential structure of all the devices 
described in the following pages is a bulb of glass or other 
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material more or less perfectly evacuated, and containing 
a filament of carbon or metal which can be rendered incan¬ 
descent, and also used as a cathode for an electric discharge, 
the bulb also containing one or more cold metal anode 
plates or grids. To various forms of this instrument a 
very large number of names have been applied. The single 
anode bulb was originally named by the author an oscillation 
valve , and it has generally in Great Britain been since called 
a valve detector , Fleming valve , or Thermionic valve, but in the 
United States varieties of the two anode form of it have been 
christened Audio'n, Oscillion, Kenoiron, Pliotron, Dynatron . 
Pliodynatron, Ultraaudion, Tungar , and by other trade names. 
Such plenitude of appellation is puzzling to the uninitiated, 
and the names are not very self-explanatory. All the instru¬ 
ments depend entirely for their radio use on the same physical 
fact—viz., the emission from an incandescent cathode of ions 
of some kind. Prof. 0. W. Richardson has called these 
bodies thermions . For the most part, and at high tempera¬ 
tures, the thermions are the so-called electrons or ultimate 
negative corpuscles or atoms of negative electricity. 

Since these thermions are not different in nature from the 
ions liberated by other agencies, such as ultra-violet light, 
radio-active substances or X-rays, it is permissible to raise 
the question whether a special name is really required for 
the ions liberated from incandescent bodies. Appliances 
depending upon this emission have, however, been rightly 
named thermionic appliances. The author has accordingly 
ventured to borrow Prof. Richardson’s term and to use the 
word thermion occasionally as an abbreviated name for 
any radiotelegraphic instrument depending upon this thermi¬ 
onic emission, in place of the longer words thermionic valve, 
amplifier or oscillator. It is easy and self-explanatory then 
to speak of a high vacuum or low vacuum thermion, or of a 
two-electrode or three-electrode thermion, and such phrases 
are, perhaps, more descriptive than artificial words like 
Kenotron, Pliotron, Dynatron, etc. 

Some agreement on this question of nomenclature seems 
desirable if only to prevent the too exuberant growth of 
strange words which are merely trade names for modifications 
of generically similar devices. The author submits, there¬ 
fore, this suggestion tentatively to the radio-engineering 
fraternity. 
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As considerations of the present cost of paper and printing 
in time of war have imposed severe limitations upon the size 
of the present book, it has not been found necessary to 
include detailed descriptions of every so-far devised circuit 
or scheme for using thermionic instruments as detectors 
or generators in radio work, nor mention of every patent 
specification taken out in connection therewith. Sufficient 
information has, perhaps, been given to enable the practical 
or incipient radiotelegraphist to understand the principles 
involved in the various stages of invention. The recent 
advances in radiotelephony are entirely based on the utility 
of the thermion as detector, amplifier, and generator of 
electric oscillations, and are due to the large number of 
inventive and scientific minds which have been brought to 
bear on the subject since the author made the pioneer 
invention ( see Appendix). It is hoped that justice has been 
done to all contributors as well as to those authors on the 
subject from whom the present writer has drawn information. 

The author is indebted for the use of diagrams and blocks 
to The Wireless Press, Limited, for illustrations taken from 
articles in The Wireless World and in The Year Book of 
Wireless Telegraphy and Telephony, many of them being 
from an article by Dr. W. H. Eccles on “ Ionic Valves,” 
and many others from excellent articles by Mr. J. Scott- 
Taggart which have appeared in The Wireless World recently. 
Also to the Editor and Proprietors* of the Proceedings 
of the Institute of Radio Engineers of New York for many 
diagrams taken from papers in this journal, and to the 
Council of The Institution of Electrical Engineers, London. 
The author desires to record his obligations to the editorial 
staff of The Wireless Press , Ltd., and especially to Lieut. G. M. 
Wright, of the Marconi Company’s engineering staff for 
assistance in collecting information, particularly that on the 
thermionic apparatus made by Marconi’s Wireless Telegraph 
Company, Ltd. 

London. June, 1919. J. A. P. 
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THE THERMIONIC VALVE AND 
ITS DEVELOPMENTS IN 
RADIOTELEGRAPHY 
AND TELEPHONY 


CHAPTER I. 

Historical Introduction. 

1. The thermionic valve and its various derivatives, 
such as the three-electrode amplifier and also the ther¬ 
mionic oscillation generator, have become such valuable 
appliances in wireless telegraphy that it would seem to be 
an advantage to collect into a single volume a brief sum¬ 
mary of knowledge and practice connected with them for 
the assistance of practical radiotelegraphists. An additional 
reason for endeavouring to present an unsophisticated 
description of the nature and mode of operation of these 
radiotelegraphic instruments is that much which has been 
written on the subject, especially in patent specifica¬ 
tions, has had the effect of obscuring rather than elucidating 
the true scientific facts connected with the operation of 
this type of detector or generator. 

Small modifications of the original instruments have been 
christened, especially in the United States, by many strange 
and fanciful names, and a vocabulary has been developed 
which makes it difficult for the uninitiated to discern the 
physical principles involved, although it may have some 
advantages in inducing Patent Office Examiners to accept 
as fresh contributions to invention implements or arrange¬ 
ments destitute of real novelty. 

The statement of the various stages by which inventors 
have produced appliances of great sensitivity for the 
detection of electromagnetic waves forms a fascinating 
chapter in the history of electro technics. Although Maxwell 

1 B 




; ^^us v The^Wionio Valve in 


enunciated in 1865 his great epoch-making theory that 
electromagnetic effects must be propagated through di¬ 
electrics as a wave motion, and surmised that such electro¬ 
magnetic radiation was identical in nature with light, 
the acceptance of his views w r as retarded by the want of 
experimental proof that such waves could be created and 
detected by purely electromagnetic methods. Hertz’s 
invention of the ring resonator with micro-spark gap 
supplied the first means of detecting these space waves, 
which G. F. Fitzgerald had previously suggested might 
be created by the oscillatory discharge of a Leyden jar. 
The employment of Maxwell’s electromagnetic waves to 
effect radiotelegraphy, involving the propagation of such 
waves over distances reckoned in miles, was fundamentally 
dependent on Marconi’s key invention of the aerial wire 
or antenna, but it necessitated as well the possession of far 
more sensitive and certain means of detecting these waves 
than the ring resonator of Hertz. 

In radiotelegraphy we make use of electromagnetic waves 
propagated over the earth’s surface to set up in a receiving 
aerial wire feeble electric oscillations which are a copy on 
a very reduced scale of the strong oscillations created in 
the sending aerial wire. In modern radiotelegraphy the 
oscillations are generated in the aerials either continuously 
or else in uniformly time-spaced trains, the train or group 
frequency agreeing with that frequency for which the Bell 
telephone receiver, acting on the human ear, is most sensitive 
—viz., about 300-500 per second. These oscillations are 
then cut up into short and long periods or groups of trains 
to create the Morse-code signals. 

In the ordinary language of wireless telegraphy we call 
any instrument a detector which is employed to detect or 
make evident by audible or visible means these groups or 
ijitermittencies of very feeble electric oscillations in the 
receiving aerial wire and associated circuits which convey the 
intelligible signals. 

The signal-making instrument may be some form of 
telegraphic printer, such as the Kelvin syphon recorder 
or the Morse inker, or the more sensitive Einthoven gal¬ 
vanometer with photographic tape record. On the other 
hand it may be a Bell telephone receiver, making an audible 
sound and appealing therefore directly to the ear. In 
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atiy case the detector plays an intermediary part. It is 
operated upon by the feeble oscillations in the receiving 
aerial, and in turn it acts upon and operates the signal¬ 
making instrument. 

2. If we leave out of account certain not very sensitive 
types of detector, such as the thermo-electric, the electro¬ 
dynamic or the vacuum tube, which have important uses 
in the laboratory, but are not sufficiently sensitive for 
radiotelegraphie work, we may say that five great types of 
detectors have so far been employed in radiotelegraphy. 

These are, first , the imperfect contact or coherer type* 
Starting with the early forms invented by Branly and 
Lodge, and others, we have as the best representative of 
this class the nickel-silver, filings coherer of Marconi. 

The imperfect contact detectors are divisible into two 
sub-classes—viz., those which require tapping or moving 
to continually restore them to the sensitive condition, 
and those that are self-readjusting. The Marconi coherer 
is one of the first kind, and the Italian Navy carbon-mercury 
or Castelli coherer, and also the Walter tantalum-mercury 
coherer, represent the second or automatic sub-class. 

In spite of the fact that the Marconi coherer did splendid 
service for at least five years in establishing radiotelegraphy 
on a practical basis, these contact detectors have all gone 
out of use at present. The numerous and delicate adjust; 
ments required in the tapper, relay, and Morse inker to 
obtain the best results, and the too ready response of the 
detector to atmospheric discharges, or to disturbances from 
the neighbouring transmitter and consequent variable 
sensitiveness, combined to bring about its antiquation and 
retirement from active service. 

The second type of detectors comprises the magnetic 
detectors. Developed originally by Rutherford, E. Wilson 
and Marconi, we find again that the best practical repre¬ 
sentative of this type is the rotating iron band magnetic 
detector of Marconi. 

This last detector employs a telephone receiver as the 
signal-making instrument. It has many virtues. It is 
robust, self-contained, and contains no supplementary or 
local battery. It is not put out of adjustment by atmo- 
spherio^discharges or oscillations set up by the near-by 
transmitter. It is more constant in operation than the 

8 b2 


The Thermionic Valve in 


capricious coherer, but it is not one of the most sensitive 
detectors. Nevertheless, for military or ship work it is still 
much valued, although not very light in weight. 

The third class of detector comprises the electrolytic 
detectors in which the electrical oscillations to be detected 
are caused to alter the conductivity of an electrolytic cell 
by varying the ionic films on the electrodes. These detectors 
have never come into very extensive use in Great Britain. 

The fourth type of detector, and until lately probably 
the most extensively used, are the rectifying contact or 
crystal detectors. Starting with Dunwoody’s discovery of 
the rectifying property of certain crystals of carborundum 
and with the discoveries of Pickard and G. W. Pierce on the 
rectifying power of contacts between crystals of zincite and 
chalcopyrite and molybdenite and copper, there has been an 
immense amount of research on this type of detector, which 
depends either upon a true unilateral conductivity in the 
mass or at the contact or else upon sudden changes in 
curvature in the volt-ampere or characteristic curve. 

The simplest mode of use of such crystal detectors is as 
rectifiers of the oscillation trains into gushes of electricity 
in the same direction, thus enabling trains of electrical 
oscillations to affect a telephone receiver. These detectors 
are rather easily put out of adjustment by strong atmospheric 
discharges, or by strong oscillations set up by the proximity 
of the transmitter. They therefore require somewhat 
frequent readjustment of contact to obtain the best results. 
Nevertheless, their sensitiveness, simplicity and cheapness 
made them very quickly a favourite detector. Their 
introduction was followed at once by an outburst of irre¬ 
sponsible radiotelegraphy at the hands of innumerable 
electrical amateurs and students which required the firm 
intervention of National and International legislation to 
keep it within bounds of reason and safety. 

The fifth class of detector comprises those to the considera¬ 
tion of which this book is limited—viz., the thermionic 
detectors. These depend ultimately upon the emission from 
incandescent bodies of ions or electrons. They are or can 
be made highly sensitive and yet are not affected injuriously 
by atmospherics or by neighbouring electric sparks. They 
are easy of adjustment and always ready for use. The 
original of all these detectors is the now well-known Fleming 
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Valve. They have the remarkable property that they can be 
employed as generators of oscillations as well as detectors 
and have important uses as telephone repeaters and ordinary 
telegraph relays, in addition to sendees in wireless tele¬ 
graphy. Hence their properties, construction and use have 
been widely studied, and we may without risk of contra¬ 
diction call them the master weapon of the radiotelegraphist. 

3. It will be advisable to begin the study of these 
thermionic detectors by a short historical sketch of certain 
investigations and their results. About 1880 Mr. Edison 
completed his solution of the problem of domestic electric 
lighting by giving to the world the carbonised bamboo 
filament incandescent electric glow lamp, and Sir Joseph 
Swan, aided by Mr. C. H. Steam, had evolved the parch- 
mentised cotton thread lamp on similar lines. This simple 
appliance, consisting of an hermetically closed and highly 
exhausted glass bulb, having in it a carbon filament welded 
to terminal platinum wires sealed through the glass, solved 
the problem of “dividing the electric light ” which had 
engaged the attention of numerous inventors for a quarter 
of a century. In the early part of 1882 the public had the 
opportunity of seeing at the first Crystal Palace Electrical 
Exhibition incandescent lighting on a large scale. The 
author of this book was at the beginning of that year 
appointed scientific adviser to the Edison Electric Light 
Company of London, formed to operate Edison’s inventions 
in Great Britain, and came therefore into a position to 
investigate carefully some of the problems connected with 
the physics of the incandescent lamp. 

It was soon found that, apart from accidents, such lamps 
had'a certain “ life.” The slightest inequality in resistance 
of parts of the filament caused unequal production of heat, 
and any minute crack or flaw in the filament caused local 
superheating at that point and hence an exoessive rise of 
temperature. 

Even if the filament was extremely uniform there 
appeared to be a slow volatilisation of the carbon, which in 
time blackened the inside of the bulb and reduced the 
candle power of the lamp. 

Before long the author’s attention was drawn to the fact 
that when a defect appeared at some point in the carbon 
filament on one “ leg ” of the horseshoe carbon, which caused 
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a great rise of temperature at that point, the blackening of 
the interior of the bulb was less or absent along a certain line 
in such fashion as to show that the scattered carbon 
molecules had been shot off in straight lines from the point 
of excessive heating. Thus was formed what the author 

termed a molecular shadow 
on the bulb (see Fig. 1). 
If, for instance, a scent- 
sprayer is filled with ink 
and the spray blown on 
to a sheet of paper the 
latter will be darkened 
uniformly by minute 
drops of ink spray. If, 
however, a wire or rod is 
held in the path of the 
spray the paper will be 
protected from blackening 
along a region which cor¬ 
responds to the shadow of 
the rod (see Fig. 2). Hence 
when we find in old carbon 
filament incandescent 
lamps a horseshoe filament 
broken at one spot and 
the bulb darkened all over 
the inside with the excep¬ 
tion of a white or un¬ 
darkened line on the bulb 
corresponding to the shadow of the unbroken part of the 
filament relatively to the point of rupture or overheating 
we can conclude that the chief part of the scattering 
of the carbon particles has taken place in straight lines 
proceeding from the point in the filament at which it has 
ultimately burnt through. This phenomenon of “ mole¬ 
cular shadows ” in incandescent lamps was described by the 
author in two papers read to the Physical Society of 
London in 1883 and 1885. 1 

This effect clearly showed that from the incandescent 

1 See Proc. Phys. Soc. Lond ., vol. v., p. 283, 1883, “ On a Pheno¬ 
menon of Molecular Radiation in Incandescent Lamps,” by J. A. 
Fleming ; also Proc. Phys. Soc. Lond., vol. vii., p. 178, 1885, “ On 
Molecular Shadows in Incandescent Lamps,” by J. A. Fleming. 
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Fig. 1.—Incandescent Electric Lamp, 
showing the glass bulb blackened by 
the deposit of carbon or metal due 
to molecular scattering from point 
a on the filament, a shadow line 
of no deposit being formed at b, 
due to shielding effect of one leg of 
the horseshoe filament. 
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Fig. 2,—A “ spray shadow ” of a 
rod thrown on a cardboard 
screen by ink spray to illustrate 
the mode of formation of a mo¬ 
lecular shadow in a glow lamp. 


filament there was a projection of matter in straight lines 
which was deposited on the interior of the bulb, except in 
those parts shielded by the 
tl shadow ” of the rest of the 
filament, thus leaving a white 
or unblackened line. This 
effect is obviously due to the 
fact that the residual air in 
the bulb is at such a rarefied 
condition that the mean free 
path of a molecule is com¬ 
parable in length with the 
diameter of the bulb. 

In air at ordinary tem¬ 
perature and pressure the 
mean free path of an oxygen 
or nitrogen molecule is about 
four one-millionths of an 
inch, but when the pressure is reduced in a bulb to one* 
millionth of an atmosphere it becomes increased to about 

four inches. This means 
that a molecule of carbon 
proj ected in anyway from 
the filament might travel 
on an average four in¬ 
ches before colliding with 
other residual air mole¬ 
cules and being deflected 
from its path. 

The next important 
observation on this sub¬ 
ject was made by Mr. 
Edison in 1888. 1 He 
was apparently examin¬ 
ing the phenomena in¬ 
volved when carbon 
filament lamps are run¬ 
ning at a high efficiency, 
and for that purpose he 
sealed into the bulb of a glow lamp a metal plate placed 
between the legs of the horseshoe-shaped carbon filament, the 

1 See Engineering , December 12th, 1884, p. 553. 
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Fig. 3. —Incandescent Lamp with a Metal 
Plate sealed into the bulb and a galvan¬ 
ometer connected bet ween the terminal 
of the plate and positive terminal of the 
filament to show the “ Edison effect.” 
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plate being carried on an insulated wire sealed through the 
bulb (see Fig. B). He found that,, when the filament was 
rendered incandescent by a direct ^current of electricity, a 
galvanometer connected between the middle plate and the 
positive terminal of the filament indicated a current of a few 
milliamperes, but little or no current when connected 
between the negative terminal and the middle plate (see 
Fig. 4). He did not furnish any explanation of this effect 

at that time, but it 
became known then 
and after as the 
“ Edison effect ” in 
glow lamps. 

Mr. Edison gave to 
Sir William Preece in 
October, 1884, certain 
incandescent lamps 
made with metal 
plates sealed into their 
bulbs or into tubular 
extensions of them, 
and in the following 
year, in March, 1885, 
Preece described to 
the Royal Society of London experiments which he had 
made with these lamps. 1 Preece made quantitative measure¬ 
ments of the current flowing through the galvanometer 
when connected in between the positive terminal of the 
carbon filament and the middle plate at various voltages 
applied to the filament. He found that this current was 
independent of the nature of the metal of which the middle 
plate was made, but that it increased very rapidly with 
increase in the potential difference of the filament terminals. 
He found that for a given lamp voltage the Edison effect 
varied with the position of the plate in the bulb, but that 
it was still sensible when this plate was placed at the closed 
end of a tube opening out of the bulb, provided this tube 
was straight, but the current was found to vanish if that 
side tube was bent up at right angles (see Figs. 5 and 6). 

1 See Proc. Roy. Soc. Lond. f vol. xxxviii., p. 219, 1885, “ On a Peculiar 
Behaviour of Glow Lamps when Raised to High Incandescence,” by 
W. H. Preece. 



(No current) (A current) 


Fig. 4.—Mode of connection of the gal¬ 
vanometer, G , to metal plate, J/, and 
to the terminals of the carbon filament 
of the lamp (+and —) in the experi¬ 
ment of the “ Edison effect.” 
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Preece considered that this Edison effect was connected 
with the discharge or projection of carbon molecules or 
particles from the filament in straight lines, but he gave 



Fig. 5. —Collecting Plate placed at the end of a side tube opening 
out of the bulb of an incandescent lamp. 

no full theory of the phenomenon, nor did he make any 
application of the facts. A year or two later the author of 
this book took up the investigation, being convinced that 
much yet remained 
to be discovered 
about it which had 
not been unravel¬ 
led by Edison or 
Preece. 

A number of 
special carbon fila¬ 
ment glow lamps 
with middle plates 
were made for the 
author at the Lamp 
Factory of the 
Edison and Swan 
United Electric 
Light Company 
and researches were 
begun with them, and the results communicated to the 
Royal Society of London in 1889. 1 and in a Friday evening 

1 See Proc. Roy. Soc. Lond., vol. xlvii., p. 118, 1890, “ On Electric 
Discharge between Electrodes at Different Temperatures in Air and 
in High Vacua,” by J. A. Fleming. 

9 



Fig. 6 . —Collecting Plate placed at the end 
of an elbow tube opening out of the bulb 
of an incandescent lamp. 
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discourse on February 14th, 1890, to the Royal Institu¬ 
tion. 1 

One of the first new facts the author discovered was that 



Fig. 7 . —Incandescent Lamp having 
a mica shield placed between the 
metal plate, M> and the nega¬ 
tive leg of carbon loop filament, 
thereby diminishing the “ Edison 
effect.” 

when the tube surrounded the 
The author confirmed Preece 


the Edison effect was 
greatly diminished or en¬ 
tirely annulled by surround¬ 
ing the negative leg of the 
carbon filament by a glass 
or metal tube, or by inter¬ 
posing a mica shield be¬ 
tween the negative leg of 
the horseshoe-shaped car¬ 
bon filament and that side 
of the middle or insulated 
plate facing the negative leg 
(see Figs. 7, 8 and 9). By 
negative leg is meant that 
side of the carbon horse¬ 
shoe loop in connection 
with the negative pole of 
the battery which heats the 
filament. It was not an¬ 
nulled or much diminished 

positive leg. 

i’s observation that the effect 



Fig. 8 .—Glass or Metal Tube surrounding one leg of horseshoe carbon 
filament in a glow lamp to show the annulment of the “ Edison 
effect ” when it surrounds the negative leg. 


1 “ Problems in the Physics of an Elec trio Lamp,” Proceedings of 
the Royal Institution , February 14th, 1890. 
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was still visible when the collecting plate was placed at the 
end of a long straight tube opening into the bulb, but 
disappeared when the 
plate was placed at the 
end of a tube bent at 
right angles (see Figs. 

10 and 11). The next 
fact discovered by the 
author was that a 
charged electric conduc¬ 
tor or electric condenser 
if charged with-positive 
electricity is instantly 
discharged when con¬ 
nected to themiddleplate 
when the lamp filament 
is incandescent. If, how¬ 
ever, the conductor or 
condenser is charged with 
negative electric ity, 

then it is not in the least discharged by so connecting. 
On the contrary, it will be charged negatively by the incan¬ 
descent filament. 



Fig. 9.—Incandescent Lamp with 
horseshoe carbon filament and metal 
cylinder surrounding one leg of fila¬ 
ment to show the “ Edison effect.” 



This fact may be most clearly proved by the following 
experiment. Connect a gold-leaf electroscope to the middle 
plate of the lamp, the filament being cold. Then charge 
the electroscope with positive electricity by means of a 
rubbed glass rod. Next, switch on the lamp and incandesce 
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the filament. The electroscope instantly loses its positive 
charge. Then repeat the experiment, charging the gold 

leaves negatively 
, by means of a 
rod of sealing 
wax, and it will 
be found that 
switching on the 
lamp does not 
discharge the 
electroscope. 
These experi¬ 
ments show that 
the incandescent 
filament is giv¬ 
ing off negative 
electricity in 
some manner. 

The next ex¬ 
periment was 

arranged to prove that the space between the incandescent 
filament and the middle plate was conductive for negative 




Fig. 12.— Incandescent Lamp with metal plate in the bulb and gal¬ 
vanometer, 0, connecting plate and negative terminal. Clark 
cell inserted in plate circuit to show the escape of negative elec¬ 
tricity from the incandescent filament. 


electricity from the filament to the plate, but not in the 
opposite direction. For this purpose a single cell of a 
battery was joined in series with a galvanometer and one 
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terminal attached to the middle plate and the other (the 
negative) terminal of the battery to the filament (see Pig. 12). 
A current then flowed through the vacuous space between 
the filament and the plate under this feeble E.M.F. of about 
1*5 volts. If, however, the battery was reversed no current 
flowed. 

A variation of this experiment was then arranged as 
follows : 

A lamp was constructed, having four horseshoe carbon 
filaments in it, two at each end (see Fig. 13). These pairs 



Fig. 13.—Exhausted Glass Bulb having terminal electrodes formed 
of carbon filaments kept incandescent by separate batteries to 
show the conductivity of a highly rarefied gas for currents of 
electricity under low electromotive force with an incandescent 
cathode. 


could be joined in series outside the bulb, and each pair 
incandesced by its own insulated battery. When both 
sets of filaments were cold a small E.M.F., such as 8 or 10 
volts or so, or even 100, would not send any measurable 
current across the vacuous space. If, however, the fila¬ 
ments at one end were made incandescent, then even a 
single cell can send a current of a milliampere or so through 
the vacuous space provided that this cell has its negative 
terminal in connection with that carbon filament which 
is incandescent. This fact had previously been discovered 
in another way by W. Hittorf 1 —viz., that through a vacuum 
tube a very small E.M.F. will send a measurable current, 
provided the cathode terminal of the vacuum tube is incan¬ 
descent or at a high temperature. 

The author then discovered that the same effects exist 
in the case of the electric arc. 

1 See Annalen der Physik , vo. xxi., p. 90, 1884 ; see also Physical 
Memoirs, vol. i., p. 180, issued by the Physical Society of London, 
W. Hittorf, “ On Conduction of Electricity in Gases.” 
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If a direct current electric arc of some length is formed 
between carbon electrodes, and if a third carbon electrode 

is so placed as just to dip 
into the flame of the arc, 
or if the arc is deflected 
against it by a magnet, 
it will be found that a 
galvanometer or amme¬ 
ter connected between 
the positive carbon and 
the third or lateral car¬ 
bon indicates a current 
which may even be 
strong enough to ring an 
electric bell. If, how¬ 
ever, the ammeter or 
bell is connected between 
the negative carbon of 
the arc and the middle 
carbon, then no current passes (see Fig. 14). 

Also, it can be shown by the same means that the space 
between the negative 
carbon of the arc and 
the middle carbon pos¬ 
sesses a unilateral con¬ 
ductivity and will permit 
negative electricity from 
a battery to pass from 
this negative carbon to 
the middle carbon, but 
not in the opposite direc¬ 
tion (see Fig. 15). 

Finally, the author dis¬ 
covered that the same 
phenomenon can be de¬ 
monstrated in the air at 
ordinary pressure. For 
if a thick carbon filament 
is rendered incandescent 
in air by passing a strong 
current through it, and if an insulated metal plate is held 
near to it, a galvanometer joined in between this metal 
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Fig. 15.—An experiment with the 
electric arc having a third carbon to 
show that a current of negative 
electricity can pass under low E.M.F. 
between the negative terminal of the 
arc and the third carbon electrode. 



Fig. 14.—An electric arc projected by 
means of a magnet against a third 
carbon to show "the “ Edison effect *' 
in the case of an electric arc. 
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plate and the positive terminal of the carbon indicates a 
small current, but no current if joined in between the middle 
plate and the negative terminal of the carbon loop (see 
Fig. 16). 

These same effects were the subject of a more extended 
investigation by the author, the results of which were 
communicated to the Physical Society of London in 1896, 
entitled, “ A Further Examination of the Edison Effect 
in Glow Lamps.” 1 In this research quantitative measure¬ 
ments were given showing 
the relation between the 
Edison effect current— 
that is, the current through 
a galvanometer connected 
between the collecting 
plate and tbe positive 
terminal of the lamp fila¬ 
ment and the working 
voltage of the lamp or 
potential difference of the 
ends of the filament. 

The curve delineating 
this ratio rises very steeply 
as the P.D. on the terminals of the filament (called the lamp 
voltage) increases (see Fig. 17). 

The table below gives the results of one Set of measure¬ 
ments which are represented graphically in Fig. 17 : 



ment rendered incandescent in the 
open air. 


Lamp Voltage. 

Thermionic 

Current 

in Milliamperes. 

Lamp Voltage. 

Thermionic 

Current 

in Milliamperes. 

30 

0*085 

38 

2*36 

32 

0*190 

39 

2*71 

33 

0*44 

40 

2*99 

34 

0*84 

41 

3*37 

35 

1*23 

42 

3*71 

36 

1*69 

43 

3*99 

37 

2*01 

44 

4*25 


The galvanometer used to measure the current had a resistance of 
6,372 ohms. 

It will be seen that the thermionic current through 

1 See Philosophical Magazine , July, 1896; also Proc . Phys . Soc. 
Lond. t vol. xiv., p. 187, 1896. 
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tho galvanometer, when connected, between the collecting 
plate and the positive terminal of the filament, rises to 
several milliamperes in value. If the galvanometer is 



Working volts of lamp. 
Fig. 17. 


connected between the collecting plate and the negative 
terminal only a very small current of, perhaps, less than 
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*001 of a milliampere is found in the case of carbon 
filament lamps, but this current increases rapidly as the 
lamp voltage is raised just as does the thermionic current 
between the collecting plate and the positive lamp terminal. 
One very curious fact was soon discovered—viz., that 
the thermionic current may jump suddenly from one 
value to a much higher one, even though the lamp voltage 
or P.D. of ends of the filament is kept perfectly constant. 

This is shown by the curve in Fig. 18, which delineates 
the result of one set of measurements of the thermionic 
current of a carbon filament lamp, with horseshoe-shaped 
filament, and collecting plate placed midway between the 
legs, as in Fig. 3. 

Another set of observations were made with an electro¬ 
static voltmeter which had its terminals connected 
respectively to the collecting plate and to the positive 
terminal of the lamp. It was found in all cases, when the 
* filament of carbon was brought to full incandescence 
corresponding to 3'5 watts per candle-power, that the 
metal collecting plate was brought down to the potential 
of the negative terminal of the lamp so that the P.D. 
between the collecting plate and positive terminal of the 
filament was the same, or nearly the same, as the working 
voltage on the filament. Later observations made with 
lamps with tungsten wire filaments showed that the collect¬ 
ing plate may even be of rather lower potential than the 
negative terminal of the lamp, and hence a galvanometer 
joined in between the collecting plate and the negative 
lamp terminal may indicate in these cases a certain small 
current. 

Finally, the author tried some experiments with a vacuum 
incandescent lamp having a filament made of platinum 
wire, and proved that the same effects exist as in the case 
of a carbon filament, though less in degree. The result of 
all the research w r ork, therefore, conducted on this matter 
between 1883 and 1896 had made it perfectly clear that 
in -the case of a carbon filament glow lamp, and also of an 
incandescent metallic wire, there is a projection of atoms, 
or molecules, from the incandescent filament, and also a 
projection of negative electricity as well. 

4. Before considering the explanation which modern 
electrical theory gives of the above-mentioned facts with 
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regard to the incandescent lamp, we must briefly review 
certain earlier researches in connection with the loss of 
electrioity from incandescent bodies. 



Working Volts of Lamp. 

Fig. 18. 

It had become known to the investigators of electrical 
phenomena in the middle of the eighteenth century that 
heat and flame cause a leakage of electricity from charged 
conductors. 
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In more modem times Becquerel discovered in 1853 that 
air at a temperature of about 1500° C. would conduct 
electricity even under an E.M.F. of a very few volts, and 
this was confirmed by Blondlot in 1881 and 1887. 

An important discovery was, however, made by F. Guthrie 
in 1873. 1 He first found that at a red heat an insulated 
iron ball could retain a charge of negative electricity 
but not a charge of positive. 

At a white heat it could retain neither a positive nor a 
negative charge. 

From certain measurements given by him we may roughly 
estimate that at temperatures between about 750° C. and 
1000° C. an iron ball rapidly loses a charge of positive 
electricity, and at 1200° G. or 1300° C. and above it imme¬ 
diately loses either a positive or negative charge. Guthrie 
also showed that a platinum wire spiral heated to a dull red 
heat by an electric current rapidly discharged a gold leaf 
electroscope which had been given a negative charge when 
held near it. If the said platinum wire was heated white 
hot it discharged the electroscope whether the latter was 
charged positively or negatively. 

The same experiment can be carried out with an iron 
poker the tip of which is heated to a very bright red heat in 
a blacksmith’s forge. The red hot poker discharges imme¬ 
diately a gold leaf electroscope which has received a 
negative charge of electricity, but does not discharge it if it 
has received a positive charge, when held near to it. 

These researches were continued about the year 1880 on 
rather different lines by Elster and Geitel, and their method 
consisted in heating by an electric current either a metallic 
wire or a carbon filament included in a glass vessel which 
could be exhausted or filled with different gases. Near this 
heated filament was fixed a metal plate carried on a wire 
sealed through the glass (see Fig. 19). This plate was con¬ 
nected to an electroscope. It was found that the plate became 
charged to a certain potential when the wire was heated. 

Generally speaking, it was found by Elster and Geitel that 
a metallic wire gave off positive electricity at a temperature 
near or below a red heat, but at higher temperatures it 
evolved negative electricity, which increased rapidly in 

1 See Phil. Mag., 4th Series, vol. xlvi., p. 267, 1873, “ On a Relation 
between Heat and Static Electricity.” 
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quantity as the temperature was raised, and therefore gave 
a negative charge to the insulated plate. Carbon filaments, 
however, were found to give off negative electricity at all 
temperatures. 

As some references later on will be made to the published 
papers of Elster and Geitel we give here the titles (in English) 
and references to the principal papers which concern us in 
this subject. 

(1) “ On the Electricity of Flames,” Wiedemann's 
Annualen, vol. xvi., p. 193 (1882). 

(2) “ On the Generation of Electricity by the Contact of 
Gases and Incandescent Bodies,” Wied. Ann., vol. xix., 
p. 588 (1883). 

(3) “ On the Unipolar Conductivity of Heated Gases,” 

Wied. Ann., vol. xxvi., p. 1 
(1885). 

This paper deals with the 
unsymmetrical conductivity of 
flames. 

(4) “ On the Electrification 
of Rarefied Gases and Electri¬ 
cally Heated Wires,” Wied. 
Ann., vol. xxxi., p. 109 (1887). 

In this paper Elster and 
Geitel describe experiments 
made with an exhausted glass 
bulb having stretched across it 
a platinum wire which could 
be heated electrically. Above 
the wire was a metal plate 
carried on a platinum wire 
sealed through the glass (see 
Fig. 19). The bulb could be 
exhausted or filled with vari¬ 
ous gases. There is no mention of the use of a carbon 
filament. 

(5) “ On the Generation of Electricity by Contact of 
Rarefied Gas and Electrically Heated Wires,” Wied. Ann., 
vol. xxxvii., p. 319 (1889). 

In this paper (dated March, 1889) Elster and Geitel 
mention the unilateral conductivity for direct currents of 
rarefied gases in tubes with one hot and one cold electrode. 
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Fig. 19.—Exhausted bulb with 
incandescent wire, ^42?, in it, 
and metal plate, P, used by 
Elster and Geitel to show the 
emission of electricity from 
incandescent wires. 
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They employed for some experiments a carbon filament 
lamp with a plate sealed into the bulb, and mention that the 
filament emits negative electricity. There is no mention 
of the use of such a tube or lamp for rectification of alter¬ 
nating currents. 

This last paper of Elster and Geitel was only published a 
few months before the paper sent (in December, 1889) by 
the author to the Royal Society, to which reference has 
already been made. 

The work of Elster and Geitel was purely scientific and 
had no technical application for the rectification of alter¬ 
nating currents or the use for any practical purpose of a 
carbon filament vacuum lamp having a metal plate sealed 
into the bulb. 

5. One characteristic of all the investigations on this 
subject, as above mentioned, was that none of their authors 
had been able to put forward any satisfactory explanation 
of the facts thus discovered. The ordinary two-fluid or 
single-fluid theory of electricity and likewise Maxwell’s 
electromagnetic theory failed to give any reasons for these 
striking differences between the behaviour of positive and 
negative charges on hot bodies. 

In 1897 Sir J. J. Thomson made the first publication of 
the remarkable investigations which enabled him to demon¬ 
strate that negative electricity is always associated with 
masses at least 1,800 times smaller than the mass of an atom 
of hydrogen and that under certain conditions these electric 
corpuscles are emitted from hot bodies. 

Faraday long ago proved that in the electrolysis of liquid 
conductors the passage of a certain quantity of electricity 
through the liquid is always accompanied by the movement 
to, or liberation upon, the electrodes of a fixed quantity of 
matter or products of decomposition of the electrolyte. 

It was then and after recognised that electricity is con¬ 
veyed through electrolytes only in association with atoms, 
o)c groups of atoms, called ions, in a fixed ratio, and that 
every such ion carries with it an electric charge which is an 
exact integer multiple of a certain unit charge. 

In the case of the hydrogen atom or ion resulting from the 
passage of electricity through aqueous solutions of salts the 
quantity of electricity carried by the whole number of atoms 
of hydrogen which together weigh 1 gram (called the gram- 
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atom of hydrogen) is 96,500 coulombs, or very close to it. 
Hence, since one coulomb is equal to one-tenth of an electro¬ 
magnetic unit (E.M.U.) of electrical quantity, we can say 
that for the hydrogen ion or atom, the weight of which is 
taken as unity, the ratio of charge ( e) to mass (m) is 9,650. 

According to Faraday’s Law of Electrolysis the same 
quantity of electricity passed through various electrolytic 
cells will liberate on the electrodes masses of ions wdiich are 
in the ratio of the chemical equivalents of these substances. 

Exhaustive experiments have shown that a current of one 
ampere flowing for one second—that is, one coulomb—deposits 
in a silver voltameter 0*001118 gram of silver on the cathode. 
The atomic weight of silver is 108 and its valency is unity. 
Hence 108 is its chemical equivalent, that of hydrogen being 
unity. Accordingly a current of one ampere liberates from a 
water voltameter in one second a mass of hydrogen equal to 
0*00001085 gram. In other words, 96,500 coulombs, or 
9,650 E.M.U. of electric quantity, liberates one gram of 
hydrogen and 108 grams of silver at the cathodes of electro¬ 
lytic cells. 

Now 8 x 10 10 units of electric quantity in electrostatic 
measure (E.S.U.) are equivalent to the electromagnetic unit. 
Accordingly 2895 x 10 11 = 8 x 10 10 x 9,650 E.S.U. will 
liberate at 0° C. and 760 mm. pressure 11,200 cubic centi¬ 
metres of hydrogen gas which weighs one gram. 

Modern researches on the kinetic theory of gases have 
shown that in one cubic centimetre of any gas at 0° C. and 
760 mm. there are most probably 2*7 x 10 19 molecules. As 
the molecule of hydrogen contains two atoms there are 
11,200 x 5*4 xlO 19 atoms of H. liberated by the passage of 
2,895 xlO 11 electrostatic units of electricity. Hence each 
hydrogen ion or atom must be associated with 
9,650x3 x10*° 

11,200 x5-4xlO 19 

electrostatic units (E.S.U.) of electric quantity. 

This charge of the hydrogen ion is denoted by e and is a 
negative charge. Hence we have 

e=4-77 xl0~ 10 electrostatic units. 

=1*59 xlO -20 electromagnetic units. 

This very small quantity of electricity is Nature’s unit of 
electricity and it is the quantity of negative electricity 
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carried by one hydrogen ion in electrolysis. It is therefore 
a very important unit and was named by Dr. 6. Johnstone 
Stoney in 1891 an electron , the importance of such design- 
tion having been indicated by him as early as 1874. 1 

The mass of a hydrogen atom is 1*662 xl0~ 24 gram, and 
therefore the ratio of charge to mass or e/m for the hydrogen 
ion is 9,650 when e is measured in electromagnetic units. 

The study of the phenomena of electrolysis had already 
convinced some physicists that electricity, like matter, most 
probably exists in small indivisible units which may be 
called atoms of electricity . The charge of the hydrogen ion 
is this electric atom or electron, and all ions carry this unit 
or else some exact integer multiple of it in electrolysis. 

6. Meanwhile evidence had been accumulating that in the 
case of conduction through gases electricity was moved in 
association with masses or matter of some lrind. 

The discharge or conduction of electricity through the 
•very rarefied gas in a high vacuum had been shown by Sir 
William Crookes to be accompanied by the projection of 
particles from the cathode or negative terminal which had 
h\l the properties of material particles in motion. When 
they impinged on small paddle wheels mounted in the 
vacuum tube they caused these wheels to rotate and they 
also produced intense phosphorescence when falling upon 
certain substances, whilst other solid bodies placed in the 
path of the discharge cast shadows in their wake. 

These particles also behaved as if they carried charges of 
negative electricity, being deflected by magnetic or electric 
fields. 

Approaching these known effects from a new point of view. 
Sir J. J. Thomson devised experimental methods of extra¬ 
ordinary ingenuity and power which enabled him to measure 
the ratio of charge to mass in the case of these cathode ray 
particles in a high vacuum tube. 

It will not be necessary to describe these methods in detail 
because the reader can obtain all information about them 
either from Thomson’s book, Conduction of Electricity 
through Gases (see chap, v.), or from any advanced text-book 
on modem physics. Suffice it to say that the method 
depends upon the deflection of a cathode ray particle from 

1 See Transactions of the Royal Society of Dublin , vol. 1., p. 682, 
1891 ; also Phil. Mag., 1881, p. 385. 
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Fig. 20.—Cathode ray tube, having internal 
deflecting plates, E , and external deflecting 
magnets, Af, and phosphorescent screen, S, 
to show the deflection of cathode rays by 
electric or magnetic force. 


its path by the simultaneous action of an electric field and 
a magnetic field at right angles to each other and to the 
« direction of motion 

;-!m b of the particle (see 

' _ — P y Fig* 20). The 

— H"~ ' £ _A_ 1- j j charge carried by 

V —- 1 - ‘ 1 ' the cathode particle 

is denoted by e and 
its mass by m and 
the experiments 
give the ratio e/m 
where e is measured 
usually in electro¬ 
magnetic units. A 
brief outline of the theory of the action as given by Sir J. J. 
Thomson is as follows ; 

Let a particle of mass m, carrying a charge of electricity e, 
be moving in a straight line with velocity v, and let a mag¬ 
netic force H act on it at right angles to its line of motion. 
Let e be in electrostatic units and H in electromagnetic 
units. Then the mechanical force acting on the particle is 
fxllev, where ju is the magnetic permeability of the medium. 
Hence if we take the dielectric constant K of the medium 
to be unity, since /jlK=1/c 2 where c =8 xlO 10 , we have the 
force / acting on the particle given by Hev/c 2 and the 
acceleration —Hev/mc 2 and the space moved over in a 

transverse direction in a time t is J f 2 . 

me 2 

Let this displacement be called 8. Then during the same 
time the particle moves a distance l in the original direction, 

where l=vt. Hence S=i ? ev - =i - H--. Now 5, l 

me 2 v 2 c 2 m v 

and H are capable of measurement, and hence 6 -=^4,say, 

m v 

becomes known. 

Again, suppose we subject the particle to the action in a 
transverse direction of an electric force E at right angles to 
its line of motion. The mechanical force exerted on it is 
Ee and its acceleration is eE/m and its displacement in a 

timetis 1 
m \vj 2 n 


m 
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6 j. 

Hence, if B 1 , l and E are measured, we obtain — . =B, say, 


1 


m v* 


If then we adjust matters so that the two displacements 
* B and B 1 are equal and observe E, H and l we have v=A/B 


E 


E 


—c 2 ~ and -= 2 ~ B. 

H m l 2 H 2 


If the particle carrying the charge is a cathode ray particle 
then we can observe the deflections due to the electric and 
magnetic forces by allowing the particle to strike against a 
screen covered with phosphorescent material and there 
causing the appearance of a bright spot of light. The 
displacement of this spot enables us to measure § and S 1 . 
The details of the apparatus required for this purpose will 
be found described in Thomson's book Conduction of Elec¬ 
tricity Through Gases, chap, v., or in his book The Corpuscular 
Theory of Matter (Constable & Co.). 

. Thomson's most important experimental result was that 
the ratio e/m was quite independent of the nature of the 
residual gas in the high vacuum tube and of the material of 
which the cathode was made. His early numerical measure¬ 
ments were found subsequently to be rather too low, but the 
measurements being repeated by him and many other 
physicists have led to the conclusion that for the cathode 
ray particle the ratio e/m is very nearly 1-77 xlO 7 when e is 
measured in electromagnetic units, and is 5-31 xlO 17 if e is 
measured in electrostatic units. 

Now this number, 1*77 xlO 7 , is at once seen to be more 
than 1,700 times greater than the ratio e/m=9,650 for a 
hydrogen ion, and the question at once arose, is this due 
to e being greater or m being less in the case of the cathode 
particle ? To settle this question, Thomson devised other 
experiments of very great ingenuity, based on the following 
principles : 

If air at ordinary temperature and pressure is saturated 
with moisture any sudden expansion or enlargement of 
the vessel containing it, which increases the volume in a 
ratio of about 5 to 4, will not cause any cloudiness to appear 
in the vessel, provided the air is quite free from dust. Dust 
particles act as nuclei for condensation of water-vapour 
into water particles forming clouds. Hence dust free from 
air may be cooled by expansion to a certain degree, and 
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will remain supersaturated with water-vapours uncondensed 
into cloud. 

It was, however, shown by C. T. R. Wilson, in 1897, that 
gaseous ions in air—that is, atoms or groups of atoms 
having a positive or negative electric charge—could act like 
dust particles and cause precipitation of water vapour 
into white clouds, when the air was suddenly increased in 
volume in the ratio of not less than 4 to 5, or by about 
20 to 25 per cent. It had also been found that Rontgen or 
X-rays could create gaseous ions in air, and these, like 
dust particles, have the property of condensing water 
vapour round them so as to form a cloud of water spherules, 
when air supersaturated with water and containing gaseous 
ions is suddenlv expanded in volume in about the ratio 
5 to 4. 

7. J. J. Thomson applied this discovery of C. T. E. Wilson 
in a highly-remarkable way to determine the electric charge 
on a gaseous ion produced by the action of X-rays or any 
other means. 

A glass vessel has in it a tightly-fitting piston which can 
be suddenly displaced so as to expand some air saturated 
with water vapour. If this air is dust-free and expanded 
to not more than 1*25 times its original volume, no cloud 
will be formed. 

If the air is ionised by exposing it to Rontgen or X-rays, 
some of the air molecules will acquire a positive and some a 
negative charge. These act as nuclei and condense round 
them water molecules, so that when the air is expanded 
suddenly a cloud forms in the vessel. If the expansion 
ratio is between 1-25 and 1*8 only negative ions are caught, 
and condense water vapour molecules round them. If 
this cloud is left to itself it subsides in the vessel, because 
each little droplet of water very slowly falls through the 
air. 

If the radius of each spherical droplet of water is a, and 
if c is the coefficient of viscosity of the air, then the drop 
in falling soon attains a final constant velocity, v, which 
Sir George Stokes had previously proved was given by 

~ g, where g is the acceleration of gravity. 

The proof of Stokes’s formula is rather long, but it is 
given in Lamb’s treatise on The Motion of Fluids (chap. ix., 
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p. 226), and also in Stokes’s original paper in the Cambridge 
Philosophical Society's Transactions, vol. ix., p. 48. Stokes 
showed that the falling sphere is losing potential energy 
at a rate 6 r acv 2 , and hence the moving force is 6 n acv. 

4 

But this must also be equal to g n a 2 g (a— p), where a is the 

density of the sphere and p that of the medium. In the 
case of a water sphere falling in air, p is negligible compared 

with a. Hence we have —. 

9 c 

Accordingly, when the cloud of vapour sinks, we can 
observe the rate at which the upper surface, which is well 
defined, falls, and this gives us the value of v. 

Maxwell found that the viscosity (c) of air, not very highly 
rarified, is independent of the density, but proportional to the 
absolute temperature, and for air at f the value of c is 
c=0-0001878 (1 x0-00366 t°). 

A drop of rain of ^th inch in diameter, therefore, falls 
at the rate of only f inch per second in still air. This 
explains how it is that the white clouds^of water particles 
seen in the sky appear to float in the air. They are in 
fact falling to earth but very slowly. 

If, then, in the Thomson experiment there are n negative 
ions in each cubic centimetre and each forms the nucleus of 
a spherical drop of water cloud of radius a, the whole volume 
» 4 

of water per c.c. is q=n „ a 3 . 

o 

Let p x be the density of the water vapour after expansion, 
but before condensation begins, and p the density at the 
final temperature t°, then p,—p =q. If L is the latent 
heat of water vapour, then Lq is the heat given out in this 
condensation. During the sudden expansion the air will 
be cooled from T°C to t° 2 C., but the evolution of the latent 
heat by condensation raises the air to a temperature, t °. 
If S is the specific heat of air and M the mass per unit 
volume, we have 

Lq=SM (t-t % ). 

Hence P= Pl — j- (t~t 2 ). 

In this equation p is a known function of the temperature, 
t, and this is given in hygrometric tables. If T is the 
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temperature at the beginning of the experiment, and P 
the pressure of the gas in millimetres of mercury, then 
since 1 c.c. of air at 0°C and 760 m.m. weighs 0*00129 gram, 
we have 

•00129 273 P 

x * 273 + T * 760’ 

where x is the ratio of final to the initial volume of the gas. 



where p 1 is the density of water vapour at T°C before 
expansion. This can be obtained from the hygrometric 
tables. 

Now, in adiabatic or sudden expansion of air the relation 
between volume v and pressure p is given by the equation 
pv V4l =a constant ; whilst for slow expansion we have 
pv=RQ, where R is the so-called gas constant, and 0 is the 
absolute temperature. Therefore, for adiabatic expansion, 
v 0 ' 41 x 0=a constant 


or 


or 


!oge y=0-41 log** 1 

"2 V 2 


lOge 


2 73+ T 
273 -J-fg 


0*41 log x . 


From this equation we can find t 2 , when x and T are given. 
Then we have : 


P 


P 1 

x 


SM 

L 


(t — t 2 ) 


and we can substitute the value of t 2 and x from the previous 
equation. This last equation can be solved by substituting 
various values for t, and finding the corresponding value of 
P, until we reach values of t and p, which agree with the 
corresponding values in the hygrometric tables. 

Having then found p and pi we know q , and also having 
found a from Stokes formula we find n=3g/47ta 3 , which gives 
us the number of drops and therefore of negative ions in the 
cloud. 

By this very ingenious method Thomson weighed the 
cloud of water spherules and counted the drops of water 
forming the cloud and therefore determined the number of 
ions round which the drops were formed. He had then to 
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determine the whole electric charge contained in this 
miniature thundercloud. To do this the cloud was formed 
between a metal plate connected to one terminal of an 
electrometer, the other terminal being joined to the water 
surface which supplied the water vapour. If the electro¬ 
meter is charged to a potential difference V and if the 

capacity of the whole system is C, then denotes the rate 

at which electricity is lost or gained by each terminal. 

When so placed between two surfaces at potential 
difference V and distance apart d the ions are subject to an 
electric force E~Vjd, and if A is the area of the plate and 
u the velocity of the ions per unit potential gradient or 
electric force, then neuEA is a measure of the electric 
current represented by the slow migration of all the ions 
under the action of this electric force E . 

Sir E. Rutherford had determined the velocity of a 
‘negative ion in air at normal pressure to be 1*5 centimetres 
per second per potential gradient of 1 volt per centimetre. 

Hence in electrostatic units w=1*5 x 300=450. 

Accordingly if we determine the loss of electricity per 
second corresponding to a certain reduction in deflection of 
the electrometer and so find the value of the decrease 
expressed as a current in electrostatic units, we have the 
value of neuAE y and hence of e the ionic charge, when all 
the other quantities are known. 

In this way Thomson first found a value for e the electric 
charge in a hydrogen ion to be e=6*5 xl0~ 10 electrostatic 
units. But subsequent measurements by Thomson and 
others, and especially recent work by Prof. R. A. Millikan, 
have given a corrected value 6=4*774 xlO -10 (E.S.U.). 

The above-described experiment repeated with various 
moisture-saturated gases ionised in various ways, by Rontgen 
rays or by radium, always gave the above value for the ionic 
negative charge 6, and it will be seen that it is exactly the 
same as the charge of the hydrogen ion obtained from 
electrolysis of aqueous solutions. 

Hence it is more than probable that we are here concerned 
in all cases with the same natural unit of electricity—viz., 
the electron. 

We have, however, seen that in the cathode ray tube the 
ratio of ejm for the cathode ray particle is 5*31 xlO 17 , when 
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e is reckoned in electrostatic units, and accordingly the 
mass m of the cathode ray particle must be 

4*77 xlO -10 0 iA _ 28 

5^r7io^ =9xl0gram==m - 

But we have seen that there are most probably in 1 o.c. 
of hydrogen at 0° C. and 760 mm. 2*7 xlO 19 molecules or 
5*4 x 10 19 atoms, and this volume of gas weighs 1/11,200 gram. 
Hence the weight of an atom of hydrogen is 1*66 xlO -24 
gram. Therefore the cathode ray particle has a mass which 
is 54/100,000, or about ^- 0 th of that of a hydrogen atom. 

This astonishing experimental achievement of Sir J. J. 
Thomson revealed therefore that in these cathode ray 
particles or corpuscles we have masses nearly 2,000 times 
smaller in mass than atoms of hydrogen, up until then 
supposed to be the smallest masses in Nature. 

8. Sir J. J. Thomson then directed his attention to two 
other cases in which electricity passes through gases, one of 
which particularly concerns us here. 

If an insulated plate of zinc is charged with negative 
electricity and is illuminated by ultra-violet light the charge 
rapidly leaks away to an earth-connected grid or grating 
placed parallel in front of the zinc plate. Electricity must 
therefore pass through the air from one surface to the other. 

Suppose then that we have two metal plates placed 
parallel to each other and that we bring them to different 
potentials. There is then an electric force acting in- the 
space normal to the plate surfaces. If a uniform magnetic 
field of strength H is created with its lines parallel to the 
plate surface we shall have electric and magnetic forces 
perpendicular and parallel respectively to the metal surfaces. 

Let an ion start from one of the plates which we shall 
suppose to be the negative plate and move towards the 
other positively charged plate under the action of the 
electric force E. Let d be the distance between the plates, 
and let them be at a difference of potential V; then 
E—V/d. Let H be the magnetic force parallel to the plates 
and let e be the ionic charge. Then Ee is the mechanical 
force on the ion perpendicular to the plates. The ion, 
however, experiences a deflecting force equal to the product 
of He and its velocity at that instant and perpendicular to 
the direction of that velocity. 
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Suppose that the place from which the ion starts is taken 

as the origin and that the axis of x is taken perpendicular to 

the plates and that of y parallel to the plates. Then dxjdt 

and dy/dt are the axial component velocities of the ion. 

The resultant force on the ion along the #-axis is then 

dy dx 

Eg -He -A, and that along the y -axis is He ^ . Accordingly 

by the Second Law of Motion we have the equations 

m f^=Ee -He J 
dt 2 dt 


dry Tr dx 

” w= He di 


or using the Newtonian notation in which a dot over a letter 
signifies differentiation with regard to time,, and two dots 
double differentiation, we have the equations, 


.. T7 e tj g • 

x=E — —H — if 
rn m d 


y=H - & 
m 

These equations show that the path of the ion is a cycloid. 
A cycloid is the curve described by a point on the cir¬ 


cumference of a circle which r 
Let OPQ be a circle (see Fig. 
21) rolling on a straight line 
OA.„ Let P be any point on 
the circle, and let the radius 
of the circle OC=r. Let x 
and y be the co-ordinates of P, 
and A the origin or contact 
place from which the circle 
starts to roll. 

Then let AN=y and NP=x, 
and let the angle through which 
the circle has turned=0(7P be 
denoted by pt, where p is 
angular velocity, and f=time 
of rolling. It is then obvious 
that 

x—r -r cos pt 
y=rpt -r sin pt 


on a straight line. 



Fig. 21. — Generation of a 
Cycloid. 
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Differentiate these equations twice with regard to t, and 
we obtain 

x=rp 2 —p$, y=px. 

If we compare these two last equations with the above 
equations of motion of the ion, we see at once they are 

identical provided we put p=H ^ and This proves 

that the path of the ion must be a cycloid. 

Hence, if the ion starts from one plate under the action of 
the two forces due to the electric and magnetic force, it will 
curl round in a cycloidal path. If, then, the distance between 
the two plates exceeds twice the radius of the circle, or 

H 2 the particle will never reach the second plate. 

Thomson applied the above theorem to the case of the 
ions emitted by an incandescent carbon filament. He 
stretched a filament close in front of a metal plate, and placed 
at a certain distance, d , from it a second parallel metal plate. 
These plates and filaments were included in a glass vessel 
very highly exhausted. The filament was connected to the 
plate just in contact with it, and a difference of potential, V, 
made between the plates. 

Hence the electric force E—V/d. Coils of. wire were 
placed outside the tube, and through them a current was 
sent, so as to make a magnetic force, H, of known and adjust¬ 
able value parallel to the plates. When the carbon filament 
was made incandescent it emits, as we have seen, negative 
ions, and by adjusting the magnetic field it was possible 
just to prevent these ions reaching the second plate. From 
measurements of H , F, and d it was then possible to solve 

the equation so as to obtain the value of 

e/m. 

Thomson’s experiments made by the above method in 1899 
led to a value of e/m for the negative ions emitted by an 
incandescent carbon filament which was not very different 
from that obtained from experiments on the cathode ray 
corpuscle, but in absolute value were too low. More recent 
measurements by Professor 0. W. Eichardson gave values 
e/m— 1*45 xlO 7 and 1*49 xlO 7 , and more recent work still by 
Bestelmeyer, who used an improved method, has given the 
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value e/m= 1-766 xlO 7 in E.M. units, and this is very close 
indeed to the best results for the cathode ray corpuscle, 
which, as we have seen, gives e/ra=l*77 xlO 7 in E.M. 
units. For full details of the latest and best work 
on this matter we may refer the reader to the book by 
Professor 0. W. Richardson, The Emission of Electricity 
from Hot Bodies (Longmans, Green & Co.), in which the 
theoretical and physical side of the subject is most fully 
treated. 

Summing up the results of twenty years’ physical dis¬ 
covery on this subject, we may say that an exceedingly 
strong body of proof has been built up supporting the 
following statements : 

1. The agency we call Negative or Resinous Electricity is 
atomic in structure, and the atom or smallest indivisible 
unit of it is called an electron (=e). The electron charge 
is equal to 4*774 xlO -10 of an electrostatic unit of quantity 
of electricity, or to 1*591 xlO -20 of an electromagnetic unit, 
or to 15*91 xlO -20 of a coulomb. It is the quantity of elec¬ 
tricity conveyed by a hydrogen ion or atom of hydrogen in 
electrolysis, and is Nature’s unit of electricity. A current 
of 1 ampere flowing for one second is equivalent to the 
passage of six million million million electrons across any 
section of the circuit. 

2. This electron has a certain mass (=m) which is approxi¬ 
mately 1/1,800 of that of a hydrogen atom, and is close to 
9 x 10 -28 of a gram. 

The question has been much discussed whether the 
electron is anything else but a point-charge of electricity, 
and whether its mass is due to anything but the electrical 
properties of a moving charge of electricity. 

7. If we consider a small sphere charged with electricity 
to be at rest, it exerts radial electric force which at a point 
at distance r from its centre is e/r 2 , where e is the electric 
charge. When the sphere is at rest the lines of electric 
force are everywhere radial to the sphere. If the sphere is 
set in uniform motion with a velocity, v, then the moving 
charge is equivalent to an electric current, and it creates in 
surrounding space a magnetic force distributed in circles 
whose centres he on the line of motion and planes are per¬ 
pendicular to it. At a point at distance r, the radius 
vector making an angle 6 with the line of motion, the 
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magnetic force, H , due to the moving charge, has the 
value 


ev sin 0 



where c=3xl0 10 cms. per second, and e is the charge of 
the sphere. The proof of this formula is difficult, but has 
been given by Sir J. J. Thomson in his book Recent Re¬ 
searches in Electricity and Magnetism , p. 19, and also by 
Mr. Oliver Heaviside in his Electrical Papers. 1 It has 
been somewhat simplified by the author for his own Univer¬ 
sity lectures. 

If the velocity of the sphere is small compared with that 
of light (=c), then the above formula reduces to the formula 
ev sin 0 

of Ampere: H ——— for the magnetic force of a current 

element, ev, at a point r, 0. If the sphere moves quickly, 
then 'the lines of electric force do not remain uniformly 
distributed round the sphere, but crowd up towards the 
equatorial plane, assuming that the direction cf motion is 
that of the polar axis. 

The sphere creates a magnetic field whilst it moves, and a 
magnetic, field of strength, H , implies that there is energy 
equal to H 2 /8tt per unit of volume in that field. 

If we consider the velocity of the sphere is small, so that 
v 2 jc 2 can be neglected in comparison with unity, then 


H 2 __e 2 v 2 sin 2 0 

Stc 8 7T/ 4 


To obtain the energy of the whole magnetic field, we have 
to integrate this expression throughout all space external 
to the sphere, which latter we shall suppose has a radius a. 
Calling this energy T, we have 




1 See J. J. Thomson, Phil . Mag. y 5th Series, vol. xi., p. 229, 1881 ; 
also Oliver Heaviside, Phil . Mag. y 5th Series, vol. xxvii.. p. 324, 1889. 
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Accordingly, the whole kinetic energy of the sphere is 


i 2 , e2v>2 ( , 2 e 2 \ , 


2 e 2 N 


The mass of the electrified moving sphere may therefore 
be regarded as increased by an amount 2e 2 /3a, due to its 
electrification. In the case of the electron the question 
which arises is, whether there is any other mass than that 
due to the magnetic field ? 

Kaufmann measured, in 1901, the ratio of e/m for certain 
cathode ray corpuscles moving with high velocity and, 
later on, of others emitted by radium and has found that 
this ratio, e/m, is reduced in value as the velocity of the 
particle is increased ; and from this Sir J. J. Thomson and 
others conclude that the mass of the moving electron may 
perhaps be wholly due to the energy stored up in its magnetic 
field. If this is a fact, and if we assume a spherical form 
for the corpuscle, we can find its radius, a, for we have 
found the mass, m, of the corpuscle to be 9 xlO -28 gram, 
and its charge, e, to be 1-59 xlO" 20 E.M. units. Therefore, 


9 

1 0 28 = 


2 e 2 

■ q or 

3 a 


2 (1-59) 2 
a ~27 10 12 


=1.85 xlO" 13 


Hence the radius of an electron is of the order of one ten- 
billionth of a centimetre. The radius of an atom of matter 
is of the order of one hundred-millionth of a centimetre, and 
therefore the electron has a diameter of about one hundred- 
thousandth of that of a chemical atom. 

The dome of St. Paul's cathedral is about 110 feet in 
diameter, and that of St. Peter's at Rome about 170 feet. 

The diameter of an ordinary small pin’s head is about 
nr^th of an inch. If we imagine a great balloon having a 
diameter five times that of the dome of St. Paul’s, or three 
times that of St. Peter's, then such a sphere would be as 
much larger than an ordinary pin’s head as an atom of 
hydrogen is possibly larger than an electron. 

These conclusions as to the volume of an electron are 
not, however, established with the same degree of certainty 
as is the case with its mass. Mr. A. H. Compton (see Journal , 
Washington Academy oj Science , vol. viii., p. 1, Jan. 3rd, 
1918; also Science Abstracts, vol. xxi.a, May, 1918, abs. 
549) has given reasons for thinking that the electron cannot 
be a charged sphere of so small a diameter as 10~ 13 , but 
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may be a charged ring of a radius of about 2 xlO~ 10 cms. 
capable of rotating about any axis. If this is so, we may 
come back to some kind of Vortex-ring theory of electron 
structure as originally propounded by Lord Kelvin for the 
chemical atom. 

8. Then, as regards positive electricity, there is evidence 
that this also is atomic in structure. The ratio e/m has 
been measured for positively charged corpuscles in a high 
vacuum tube, and it is found to be of the order of e/m for 
a hydrogen ion in electrolysis—viz., about 10 4 . Hence 
positive electricity is associated with masses of the size of 
atomic masses. 

The generally-held view at present is that an atom is 
a sort of solar system in miniature. The nucleus of the 
atom is a charge of positive electricity concentrated in a very 
small space, which may consist of one or more positive 
electrons. 

The gravitative mass of the atom is chiefly due to this 
positive nucleus. Around this nucleus circulate a group 
of negative electrons like planets round the sun. If thp 
number of negative electrons is sufficient to equilibrate the 
positive charge, then the atom is in a neutral electrical 
condition. 

If the neutral atom is deprived of one or more negative 
electrons it is positively charged and constitutes a positive 
ion. If the neutral atom gains or takes up one or more 
negative electrons it becomes negatively charged and forms 
a negative ion. Chemical atoms have certain loosely-held 
or detachable electrons, which are called the valency 
electrons, and the view is very widely held that chemical 
attractions and combinations are due to electric forces acting 
between atoms, or groups of atoms, which have respectively 
gained or lost electrons. 

In a solid metallic conductor, or conductor such as carbon, 
it is supposed that there is a continual exchange of negative 
electrons between neighbouring atoms. Electrons are, 
so to speak, jumping from atom to atom, and during their 
time of passage they constitute what are called the “ free ” 
electrons. 

These motions take place in all directions, and the 
temperature of the body is determined by the kinetic 
energy of these free electrons. If an electromotive force 
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acts on the conductor it applies a definite electric^ force 
to these free electrons, and over and above their indis¬ 
criminate motions a certain steady drift of electrons in 
one direction then takes place, which constitutes an electric 
current. These free electrons may be regarded as the 
molecules of a kind of gas existing in between the chemical 
atoms of the conductor. It has been, therefore, assumed 
that they obey the ordinary gas laws. The free electrons 
have a certain “ mean free path ” and a certain “ mean 
square velocity/’ like gas molecules. 

They do not at ordinary temperatures escape from the 
conductor because if any did, it would leave the conductor 
positively electrified, and this would tend to prevent the 
escape of more electrons. 

But if the temperature of the conductor is raised the 
electrons may acquire such velocities that some are flung 
out beyond the attractive range of the positive ions left 
behind. This escape of the free electrons rises very rapidly 
with temperature, and constitutes what is now called the 
thermionic current from the incandescent wire. This 
current is measured by the quantity of electricity escaping 
per square centimetre per second from the surface of the 
incandescent wire or body. 

9. The study of the nature, variations and magnitude of 
this thermionic emission has been the subject of much 
investigation from a purely physical point of view. 

As the chief purpose of the present volume is to direct 
attention to the technical applications of this phenomenon, 
we shall not occupy space with descriptions or discussions 
of the physical problems more than is necessary to explain 
the general principles involved. The experimental examina¬ 
tion of the effect has been chiefly conducted by means of 
a simple apparatus, consisting of a straight metallic wire 
or carbon filament which is attached to platinum electrodes 
and sealed into a glass cylindrical bulb in an axial position. 

Surrounding the filament is a tubular electrode made of 
metal, generally platinum, and this cylinder has a metallic 
connection made to it by a platinum wire welded to the 
cylinder and sealed through the glass (see Fig. 22). 

The glass vessel can be exhausted to various pressures 
through a side tube or filled with various gases. If the 
surrounding metal cylinder is not employed, and if the wire 
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or filament is heated by an electric current passed through 
it, then the ions or electrons given off by the wire would 
accumulate to a certain extent in the space, vacuous or 
gas-filled, round the wire and create a space electric charge 
which would soon prevent any further emission. This 
explanation of the limitation to the increase of the thermionic 
emission was first given by Mr. C. D. Child in 1911 (see 
Physical Review, vol. xxxii., p. 498, 1911). 

By employing the metal cylinder we can make a definite 
difference of potential between the heated wire and the 
cold cylinder, and, therefore, an electric force so directed 
as to urge the ions from the wire to the embracing cylinder. 
The arrangement has also the convenience that we can 
determine the temperature of the incandescent wire by 
measuring its resistence or ratio of volt-drop down the 



Fig. 22.—Exhausted tube having in it a metal cylinder and concentric 
incandescent tungsten wire to show the thermionic emission 
from the wire. 


filament to current through it, or else by making the 
filament one arm of a Wheatstone’s Bridge arrangement. 

If we have previously determined the resistence of the 
filament at several standard temperatures we can by 
interpolation or extrapolution determine its temperature 
corresponding to other resistances. 

Such an apparatus is a convenient modification of the 
lamps used by the author or by- Sir William Preece in 
examining the Edison effect. 

As soon as experiments began to be made with the above 
apparatus it was found that the observed effects were 
complicated and depended upon a great many factors, 
such as (1) the material of the wire or filament heated, 
(2) its temperature, (8) the gases or impurities occluded in it, 
(4) the nature of the gas surrounding it, (5) the pressure of 
this gas, and (6) the previous treatment of this wire as 
regards heating and exhaustion. 

Broadly speaking, we may say that when the pressure of 
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the gas in the bulb is not extremely small—that is, when the 
vacuum is not extremely high—the effects will be com¬ 
plicated by the ionisation of this gas by the electrons emitted 
by the wire or filament, and this will give rise to positive 
and negative ions in the surrounding gas. 

It soon became clear that to simplify the phenomena the 
removal of all gas round the heated wire and all gas films 
from the interior surfaces in the vessel and occluded gases 
from the materials was essential. This can only be done by 
prolonged heating of the whole apparatus and most careful 
exhaustion. 

For this purpose very perfect mechanical vacuum pumps, 
such as the Gaede pump, must be employed and the exhaus¬ 
tion completed by the use of chemical means or by Sir James 
Dewar’s method of absorption of residual gases by charcoal, 
particularly cocoanut charcoal fragments, cooled in liquid 
air (see chap, ii., sect. 9). 

It is also necessary to heat the experimental vessel in an 
electric furnace, or by other means, during the exhaustion, 
and to prevent the collapse of the glass tube this may have 
to be done in a vacuum electric resistance furnace. The 
greatest difficulty is to eliminate occluded air or gas from the 
metal collecting cylinder. 

As these precautions are equally necessary in the con¬ 
struction of thermionic detectors used in radiotelegraphy 
a few more details may be given. It is an extremely difficult 
matter to heat a metal collecting plate which is sealed up 
inside an exhausted glass vessel sufficiently to expel occluded 
gas by mere external heating. It is easier to do it if the 
collecting plate is formed of a wire coiled into a close spiral 
with turns nearly in contact, because then both ends of this 
wire can be welded to platinum wires which are sealed 
through the glass, and we have then access to the terminals 
of the spiral wire and can heat it intensely by an electric 
current passed through it. 

We can then aid the exhaustion by the method of Sir 
James Dewar, connecting the glass vessel to a glass bulb 
filled with crushed fragments of cocoanut charcoal (see 
chap, ii., sect. 9). This bulb has to be hermetically sealed 
to the thermionic vessel. When the vacuum has been made 
as high as possible by the pump the charcoal bulb can be 
immersed in liquid air and will absorb the residual gas. By 
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long-continued heating and pumping it is possible to reach 
a state in which the pressure of the residual air does not 
exceed 10“ 6 , or even 10 -8 , of a millimetre of mercury. As 
the diffusion of the rarefied air along connecting tubes is 
slow the exhaustion and simultaneous heating of the bulb to 
about 60° C. may have to be continued for several days. At 
the same time an electric current must be passed through 
the wire or filament of carbon to heat it and to expel from it 
all absorbed gases or volatile material. 

Tungsten forms a very suitable material for the incan¬ 
descent wire. This metal has a very high melting point 
(3270° C.), vastly higher than that of platinum (1755° C.) 
and higher than the temperature at which carbon begins to 
volatilise rapidly. Tungsten is very non-volatile and can 
be heated for long periods to a very high temperature 
without change. It is possible therefore to obtain from it 
very large thermionic emission, as much as a coulomb or 
more per second per square centimetre of surface. A 
thermionic current of the above strength implies the emission 
of 6 xlO 18 electrons per square cm. per second. We shall 
presently discuss the origin of these electrons. 

If in such an apparatus as above described we pass a 
current through the wire and heat it to a known absolute 
temperature T, and if we apply a battery of known voltage 
to send a negative current from the hot filament to the cold 
cylinder and measure the thermionic current we can plot 
out in the form of a curve the relation between thermionic 
current and potential difference (P.D.) between the filament 
and cylinder. If the vacuum is very high so that secondary 
ionisation effects are avoided we find that the curve so 
delineated resembles in form the magnetisation curve of 
iron. The thermionic current increases at first slowly, then 
more quickly, but finally attains a nearly constant value, 
which is not exceeded provided no secondary ionisation takes 
place (see Fig. 23). 

When this point is reached the current is said to be 
saturated , and it has been found that this saturation current 
has a definite relation to the absolute temperature T of the 
hot body. 

Proceeding on certain physical hypotheses, Professor 
0. W. Richardson 1 has deduced the following formula for 
1 See Phil. Trans . Roy. Soc. Lond., vol. eci., p. 516, 1903. 
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the saturation current I per square cm. in terms of T and 
certain constants G and b : 1=GVT e _d/T , where e is the 
base of the Napierian logarithms. We can also reckon 
I in its equivalent in number of electrons per second per 
square centimetre N, and write N=AVT c~ blT . 

By multiplying N by the electronic charge e=4-8 xlO~ 10 
and then dividing by 3xl0“ 6 we reduce to milliamperes 
per square centimetre of surface (=i). 

The value of the constants A and b have been determined 
for various materials. 

For a platinum wire Richardson found A =7-5 xlO 25 , 
b= 4-93 xlO 4 ; for a carbon filament he found 4=10 34 , 
b= 7*8 xlO 4 ; whilst for a tungsten wire Langmuir has 



Fig. 23.—Characteristic or Volt-ampere Curve of a highly rarefied 
gas or nearly perfect vacuous space. 

found ^4=1-55 xlO 26 , 6=5-25 xlO 4 ; and for tantalum 
4=7-45 xlO 25 , 6=5 xlO 4 . 

The constant b seems in all cases to be of the order of 
50,000, but A is very variable. 

Either of the above formulae for 1 or N gives results in very 
fair agreement with observation. 

It will be seen that the electronic emission from the heated 
wire rises up very rapidly with increase of temperature, and 
hence the advantage in technical applications of employing 
a material like tungsten which can be heated without 
alteration to a high temperature. 

Sir J. J. Thomson has shown (see Conduction of Electricity 
Through Gases , p. 166) that from the known values of the 
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constants A and 6 in the Richardson formula we can deter¬ 
mine the number of free corpuscles or electrons ( N ) per unit 
volume of the metal or material used for the heated filament, 
and also the work (w) required to drag or force an electron 
out of the metal. Thus from experiments on a platinum 
wire by Richardson which gave A—1'5 xlO 26 , 6=4*93 xlO 4 , 
Thomson deduces jV=l*3 xlO 21 and w —8 xl0~ 12 erg. 

Broadly speaking, it appears that the number of free 
electrons in a conductor in any volume is of the order of the 
number of atoms in the same space. 

10. A matter which has been very much discussed is the 
origin of these negative ions or electrons emitted by a highly- 
heated metallic wire or carbon filament. 

It was found by H. A. Wilson that the thermionic emission 
from an incandescent platinum wire was greatly increased 
by admitting hydrogen gas into the vessel, and similar 
effects have been noticed for heated palladium and sodium. 
Langmuir, however, found a great reduction in the emission 
from tungsten when hydrogen was present in the vessel, 
which he ascribed to secondary chemical actions. Some 
observers have attributed the thermionic emission from 
carbon to the action of gases occluded in the material, and 
stated that when the carbon is freed from these gases the 
thermionic emission is greatly reduced. 1 0. W. Richardson 
has, however, criticised these conclusions and shown that 
the reduction of electronic current in the case of the 
experiments of Pring and Parker can be- accounted for by 
the deflection of the electrons due to the magnetic field of 
the current itself, causing incandescence in the carbon 
conductor (see Richardson, The Emission of Electricity 
from Hot Bodies , pp. 65 and 130). Richardson concludes 
from very careful experiments that there is no certain proof 
that the thermionic emission from metals or carbon is the 
direct result of chemical action, but that it is a thermal 
phenomenon when carried out with pure materials in a 
high vacuum. Nevertheless, the emission is enormously 
affected by the presence in or around the incandescent wire 
of other substances. 

Thus, A. Wehnelt in 1903 and 1904 investigated the 

1 See J. N. Pring, “ The Origin of Thermal Ionisation from Carbon,” 
Proc. Hoy. Hoc. Lond.> vol. IxxxixA, p. 344, 1913 ; see also Pring and 
Parker, Phil. Mag. y vol. xxiii., p. 199, 1912. 
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thermionic emission from platinum wires coated with 
oxides of calcium, barium or strontium, and found that 
in vacuo such oxide-coated wires emit far more corpuscles 
or electrons per sq. cm. per second than a pure platinum 
wire at the same temperature (see Phil. Mag., vol. x., p. 80, 
1905). He found that otherwise the thermionic saturation 
current from these oxide-covered wires was related to the 
absolute temperature in accordance with Richardson’s 
exponential formula already given. There is a very copious 
emission of negative ions from the glower of a Nemst lamp, 
which glower consists of oxides of rare earths. This has 
been investigated by G. Owen. 1 

It is easy to show this effect with a Nemst glower heated 
by a direct current. If a Nerst glower is supported with 
the bare glower in a horizontal position placed within a 
few millimetres of the bottom of a metallic insulated 
vessel kept cold by being full of water, and if one terminal 
of a galvanometer is connected to the positive terminal 
of the glower and the other to the cold vessel, a considerable 
thermionic current will be found passing through the air 
even at ordinary pressures. 

It has been stated that Langmuir found heating a filament 
containing thorium in the neighbourhood of a tungsten 
wire increases the thermionic emission of the latter a million¬ 
fold (see Nature, vol. xcviii,, p. 146, Oct. 26th, 1916). 

Apart from the effect of such admixtures or surface 
coatings on the thermionic current from a wire, we have 
to note the effect of the surrounding rarefied gas upon it 
when the difference of potential between the incandescent 
filament and the collecting plate is made sufficiently great. 
In that case the ions or electrons projected from the filament 
ionise the gas molecules, and the negative ions so produced 
are carried by the electric force up to the collecting plate 
and will then increase the apparent thermionic current. 
This is generally represented by that stage in the curve 
connecting P.D. between hot wire and plate and the 
thermionic current at which the curve begins to rise very 
quickly. The curve in Fig. 24 shows the results of some 
experiments by McClelland in 1902 on the emission of 
positive electricity from a wire which exhibits a third 

1 See G. Owen, Phil. Mag., vol. viii., p. 230, 1904, “ On the Dis¬ 
charge of Electricity from a Nemst Filament.'* 
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stage in the characteristic curve when the thermionic current 
begins to increase again after one saturation stage has been 
reached. 1 This appears so be due to the production of 
fresh ions from the surrounding gas. The result of 
exhaustive experiments has, however, shown that in the 
highest possible vacua, when using carefully prepared and 
long-heated tungsten wires as heated filaments, the ther¬ 
mionic emission is entirely due to electrons coming from the 
metal, and at a sufficiently high temperature may reach 
even B or 4 amperes per square centimetre of surface of 
the incandescent wire. 

A question, then, which has peculiar interest, is the 
source of these emitted electrons. 0. W. Richardson has 
conducted and described special experiments, made with 
the object of obtaining an answer. 2 * * * A very carefully 



Fig. 24. -Characteristic curve for vacuous space not very highly 
exhausted. The final rise in the curve is due to gas ionisation 
by the applied voltage. 


prepared tungsten filament was used, heated in a high 
vacuum, in which the pressure was less than 10~ 7 of a 
millimetre of mercury. The filament gave out an electronic 
current of 0-5 ampere for 30 minutes or 1,800 seconds, 
equivalent to 900 coulombs. This implies the total emission 

1 See J. J. Thomson, Conduction of Electricity through Gases, 1st 
Edition, p. 186. 

2 See O. W. Richardson “ On the Emission of Electrons from 

Tungsten at High Temperatures,” Phil. Mag., vol. xxvi., p. 345, 1913 

also his book, The Emission of Electricity from Hot Bodies , p. 133. 
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of 54xl0 20 electrons or 3xl0 18 electrons per second. 
Richardson carefully discusses in this paper, in the light of 
numerical values, the possibility of these electrons having 
come from the atoms of the tungsten evaporated, or from 
the ionisation of the residual gas, and shows that both 
these suppositions are inadmissible. In one experiment 
984,000 electrons were emitted per atom of tungsten 
evaporated. He came to the conclusion that these electrons 
could only have come into the tungsten from other portions 
of the electric circuit, of which it formed part; in other 
words, that the electrons emitted are the “ free ” or con¬ 
ductivity electrons of the metal. 

11. The subject of the emission of positive ions from 
incandescent wires has no such great practical interest 
at present as that of the emission of negative corpuscles or 
electrons, but reference must briefly be made to it. 

We have seen that when a platinum wire is heated to a 
red heat in vacuo it gives off, at first, positive electricity, 
and this is quite distinct from any subsequent production 
of positive ions in the surrounding gas. This positive emis¬ 
sion is, however, a short-lived effect. It does not remain 
constant, but rapidly decays away with time. A wire which 
has lost the power of positive emission will regain this 
power if heated in air or in a Bunsen flame. It is clear 
from measurements made of the ratio, e/m , for these positive 
ions that they are masses of atomic magnitude and appear 
to owe their origin to gases occluded in the heated wire or 
resulting from interaction between the atoms of the heated 
wire and the surrounding gas. The reader desiring to 
make a further study of this portion of the subject will find 
a valuable collection of experimental results in Professor 
0. W. Richardson’s book, and in latest editions of Sir J. J. 
Thomson’s book on Conduction of Electricity through Gases , 
and in his smaller book, The Corpuscular Theory of Matter 
(Constable & Co.). 

A very readable account of the electron theory of electricity 
is given in Mr. G. W. de Tunzelmann’s book, A Treatise 
on Electrical Theory (C. Griffin & Co.). In Thomson’s 
book on The Corpuscular Theory of Matter will be found 
a particularly full discussion of the electron theory of 
electric and thermal conduction. 
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The Fleming Oscillation Valve. 

1. From the brief sketch of thermionic phenomena which 
has been given in the previous chapter it will be seen that the 
emission of electricity from incandescent filaments of carbon 
or metal had attracted the close attention of many eminent 
physicists in Europe and the United States during a period 
of about twenty years between 1884 and 1904. 

It is nevertheless remarkable that with the exception of 
one small application made of the “ Edison effect ” by 
Mr. Edison himself, disclosed in a United States Patent 
Specification, No. 807,081, filed November 15th, 1888, and 
patented as from October 21st, 1884, in which he proposed 
to employ it as a means of notifying any change in potential 
difference of the mains of an electric light supply system, 
no technical use or practical application of these thermionic 
effects was made by anyone until the subject was taken up 
again in 1904 by the author of this book. The writer was 
the first to apply the thermionic emission from an incan¬ 
descent filament of metal or carbon contained in an exhausted 
glass vessel having in it a metal collecting plate carried on 
a wire sealed through the glass, for the technical purpose of 
rectifying high frequency alternating currents and so 
detecting the feeble electric oscillations in a wireless telegraph 
receiving circuit by some form of galvanometer, or by a 
telephone, and thus making a new and sensitive form of 
radio-detector, since known as the Fleming Valve. 

For the purposes of litigation or in depreciation of the 
author's work it has been contended by more recent utilisers 
of these effects in electrotechnical fields that no inventive 
power was required to make this application of an already 
known appliance—viz., an electric glow lamp having a metal 
plate sealed into the bulb. The question of novelty in 
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application is one that frequently comes up in connection 
with patent litigation. 

In this case it so happens that the author is not dependent 
upon himself or any private person for an opinion on this 
point. It has been given with authority by the unanimous 
judgment of three Judges in the United States Circuit Court 
of Appeals for the Second Circuit on May 9th, 1917, in an 
appeal from a judgment of His Honour Judge Mayer in an 
action brought by the Marconi Wireless Telegraph Company 
of America against the De Forest Radio Telephone and 
Telegraph Company of the United States for infringement 
of the author’s United States Valve Patent No. 803,684 
of 1905. In that action, to which additional reference is 
made in the next chapter, one argument of the defendants 
was that no invention was required to apply the Edison 
lamp with metal plate in the bulb as a rectifier of oscillations 
or receiver in wireless telegraphy, and that anyone was at 
liberty to use this appliance in radiotelegraphy. 

Edison had applied for in 1888 and obtained the above- 
mentioned United States patent for employing an incan¬ 
descent lamp with a metal plate sealed into the bulb as a 
potential regulator for an electric light circuit, but had 
disclosed no application of the same with reference to the 
rectification of alternating currents or as a detector for 
electric oscillations. 

Extracts from this important Court of Appeals judgment 
having reference particularly to the question of invention in 
this fresh application of a known appliance are as follows. 
The Court said :— 

“ The Fleming Valve as a detector confessedly, and the 
actual commercial audion (as we are convinced) consist 
essentially in the utilisation by visible and tangible means 
of wdiat has long been known as the ‘ Edison effect.’ . . . 

“ Utilisation of the Edison effect does not mean that the 
use of Edison’s apparatus or any modification thereof as a 
detector was easy or simple. The admitted fact that years 
passed and detectors of various kinds, from the coherer to the 
crystal, acquired vogue before anyone thought of using 
Edison’s curiosity of electricity for the discovery or trans¬ 
lation of Hertzian waves is proof enough on this point. . . . 

“ Fleming was the first to disclose an apparatus for this 
purpose. . . s 
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44 Was it invention to use as a detector of wireless waves 
an Edison hot and cold electrode lamp ? 

“ This is a question of fact, and we arrive at the con¬ 
clusion of the Lower Court, that at the date of Fleming’s 
application it was not known to men skilled in the radio art 
that a rectifier would act as a detector or that anything that 
would rectify oscillations of a low frequency could rectify 
waves of the order used in radio communication. . . . 

44 Edison’s patent stated a fact and suggested a tantalising 
mystery, because even he did not pretend to state or assert 
that he knew why his 4 effect ’ took place. 

44 His disclosures remained (as far as we can discover from 
the record) a laboratory problem until Fleming applied it to 
a new and very practical field of usefulness. . . . 

44 We have no doubt that Fleming’s patent displays 
invention and of a very meritorious device. ...” 

Having therefore this pronouncement from a legal tribunal 
of the highest kind, after exhaustive examination of the 
facts, the story of the initial invention in connection with 
thermionic detectors may be resumed. As soon as Senatore 
Marconi had perfected and brought into use his admirable 
magnetic detector its many advantages caused the use of the 
coherer as a detector to begin to decline. Nevertheless, the 
magnetic detector had the disadvantage that the signals 
being audible only and received by telephone the telegraphist 
had no record of them as in the case of the coherers employed 
with relay and Morse inker. Also the strain on the atten¬ 
tion of the observer was greater, because if a code message 
was being received, the omission of a single dot or dash might 
make nonsense of a word. 

Hence the author was desirous, if possible, of finding some 
method of working a sensitive relay by means of the feeble 
damped oscillations or intermittent telephone currents. 
Furthermore, having become the subject of a progressive 
deafness the writer desired to find some instrument to record 
radiotelegraphic signals which would appeal to the eye and 
not to the ear. 

It was well known in 1904 that no instrument then in use 
for the detection of alternating currents was nearly as 
sensitive as the mirror galvanometer of Lord Kelvin, used 
in submarine cable work, is for direct or unidirectional 
currents. All such instruments as hot wire or thermo*. 
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electric ammeters and electrodynamometers are vastly less 
sensitive to alternating currents, no matter how they are 
constructed, than is a good mirror, moving coil or needle 
galvanometer, to direct currents. The latter type of 
instrument can easily be made to give a sensible deflection 
for one-hundredth of a microampere, whereas none of the 
best alternating current galvanometers which are quick 
acting enough to use as telegraphic receivers would operate 
with as small a current as a tenth or hundredth of a milli- 
ampere. 

Accordingly, one problem the author set to himself was to 
find a method of utilising a mirror galvanometer such as is* 
or was, employed in submarine cable signalling to detect 
the signals in wireless telegraph work. 

It must be remembered that at that date none of the 
crystal or rectifying detectors or contacts had been invented. 
These did not make their appearance until about 1906. 

* It was obvious that to solve the problem some method 
must be found of converting high frequency alternating 
currents into direct or unidirectional currents. Hence the 
oscillations must be rectified by some form of valve. 

Electricians were at that time familiar with the aluminium- 
carbon electrolytic cell as a means of rectifying low-frequency 
alternating currents. 

If plates of clean aluminium and graphitic carbon are 
immersed in an aqueous solution of sodic phosphate, or 
even dilute sulphuric acid, if a current is passed through 
this electrolytic cell, from carbon to aluminium, the current 
will liberate hydrogen against the aluminium, and will 
continue to flow. If, however, the direction of the current 
is reversed and oxygen or hydroxyl ions are deposited on 
the aluminium, they speedily form an impervious film of 
aluminic hydroxide, which stops the current. 

If, therefore, an alternating electromotive force is em¬ 
ployed current will pass through the cell in one direction, 
but not in the opposite, and the cell will act as a valve or 
rectifier for alternating currents. An arrangement of four 
aluminium cells of the above kind constitutes the well- 
known Nodon valve rectifier. 

When an attempt was made to employ such an arrange¬ 
ment for the rectification of high-frequency oscillations 
it was found that it did not operate. It appears that the 
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chemical actions on which the unilateral conductivity 
depends take time, and are not effected when the frequency 
of the current is very high. After trying a number of 
these electrolytic rectifiers, without success, the author 
recalled to mind his experiments of 1889 and 1890 on the 
“ Edison effect,” and thought it would be desirable to try 
by experiment whether the known unilateral conductivity 
of the vacuous space for direct currents would also exist 
for high frequency alternating currents. Accordingly, some 
of the lamps with middle plates, grids and tubes employed 
in his former experiments were taken out of the cabinet 
where they had stood, unused, for several years, and 
employed as follows : An oscillation circuit was set up, 




Fig. 25.—Arrangements for Exhibiting the Rectifying Power of* 
an Oscillation Vacuum Valve. 

I, Induction Coil. L, L, Leyden Jars. P, Primary Oscillation Circuit. 
S, Secondary Circuit. G, Mirror Galvanometer. V, Fleming 
Oscillation Valve. B, Valve Battery. 

consisting of a square wooden frame, on which about a 
dozen turns of insulated wire was wound. This circuit 
was joined in series with a pair of Leyden jars, or condenser, 
and with a pair of spark balls and the balls connected also to 
the secondary terminals of an induction coil. Hence, when 
the coil was set in action electric oscillations were created 
in the circuit at every discharge spark (see Fig. 25). 

At a certain distance from this circuit another oscillation 
circuit was set up, consisting of a similar coil of wire on a 
square frame and a condenser in series with it. This 
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circuit was tuned to the same frequency as the primary 
circuit. The filament of an incandescent lamp, having 
a metal plate in its bulb carried on an insulated terminal, 
was then connected to a battery, so as to incandesce the 
filament; and the insulated plate in the lamp was connected 
to one terminal of the condenser in the secondary circuit. 
The negative terminal of the lamp battery was then con¬ 
nected through a mirror galvanometer with the other 
terminal of the condenser (see Fig. 25). 

On setting up the oscillations in the primary circuit the 
mirror galvanometer gave a large and steady deflection, 
showing that a unidirectional current was passing through 
it. Even when the condenser in the secondary circuit 
was removed, and that circuit thus made aperiodic with 
the galvanometer and lamp in series with it, there was 
a steady deflection of the needle. This confirmed the 

t 



Fro. 26.—Various forms of Fleming Oscillation Valve made in 1904. 


author's anticipations, ancl showed that such a lamp with 
plate in the bulb could be made to act as an 44 oscillation 
valve ” or rectifier of high-frequency electric oscillations 
to make them detectable by an ordinary mirror galvanometer. 

It was then at once evident that the combination of 
valve and galvanometer could be used to detect the oscilla¬ 
tions, and therefore read the signals in a wireless telegraph 
receiver. All that had to be done was to connect the 
valve with galvanometer in series as above shown across 
the terminals of the condenser in the secondary circuit of 
the receiver. 

The author, therefore, had made as soon as possible some 
new lamps by the Edison and Swan United Eleetrio Light 
Company, in which the filament was a treated carbon fila¬ 
ment, made with the usual squirted soluble cellulose, of 
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such size as to be rendered fully incandescent by aP.D. of 12 
volts applied to the filament terminals. Surrounding the fila¬ 
ment, but not touching it, was placed a sheet-metal cylinder 
fixed to a platinum wire sealed through the glass (see Fig. 26a). 

The lamp was fixed on a convenient wooden stand provided 
with terminals for the ends of the filament and for the 
metal cylinder (Fig. 27). The exhaustion of the bulb was 


pushed as far as 
possible and, at 
the same time, 
the filament 
heated electric¬ 
ally, and the 
bulb and cylin¬ 
der heated by a 
gas oven, so as 
to expel as far 
as possible all 
occluded air. 
Fig. 28 shows a 
photograph of 
the original 
glow - lamp 
valves, which 
the author first 
used for this pur¬ 
pose, henceforth 
called an “ oscil¬ 
lation valve.” 




Fig. 27.— Fleming Oscillation Valve, B, 

MOUNTED ON WOODEN STAND. 


Tj T 2 , Terminals of valve filament or hot cathode. 
T 3 , terminal of cylinder or cold anode, C. 


Patent protection was applied for covering the use of such a 
valve as a rectifier of oscillations and as a detector or receiver 
in wireless telegraphy in a number of the principal States of 
the world. 1 Fig. 28a show r s photographs of various forms of 

1 In Great Britain, No. 24,850, of November 16th, 1904 ; in the 
United States, No. 803,684, April 19th, 1905 ; in Germany, No. 186,084, 
Klasse 21a, Gruppe 68, April 12th, 1905. Granted to John Ambrose 
Fleming or to his assignees Marconi’s Wireless Telegraph Company 
Limited, of London, or of America. By a disclaimer tiled in the 
United States Patent Office, November 17th, 1915, Marconi’s Wireless 
Telegraph Company of America disclaimed the combinations of claims 
1 to 6 inclusive and 10 to 15 inclusive in Patent No. 803,684, except 
as the same are used in the radio art. 

The same invention was patented in a number of other countries 
and States. 
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Fig. 28a. —Photographs of various types of Fleming Valve. 




Fig. 28.— Photographs of the original Valves used by the Author for 
rectifying electric oscillations in 1904. 
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oscillation valve made at a later date (see also frontis¬ 
piece). 

The arrangements of receiving circuit, proposed and 
used by the author at the end of 1904 with this oscillation 
valve, were as shown in Figs. 29a, 29b, in which A is the 

aerial wire, P.S. 
the jigger or oscil¬ 
lation transformer, 
C the receiving con¬ 
denser, V or 0 the 
valve, B the battery 
for the valve fila¬ 
ment, and T as a 
current - detecting 
instrument, which, 
in the author's per¬ 
sonal experiments, 
was a mirror gal¬ 
vanometer (Fig. 
29a), but for which 
a telephone was 
soon substituted 
(see Fig. 29b). 

Experiments 
were then tried to 
determine the ap¬ 
parent conduc¬ 
tivity of the vacu¬ 
ous space between 
the incandescent filament and the metal cylinder as follows i 1 

A bulb containing a 12-volt carbon filament rendered 
brightly incandescent by a current of about 2*7 to 3-7 
amperes was employed. The filament was surrounded 
by an aluminium cylinder. The length of the carbon 
filament was 4*5 cm., its diameter 0*5 mm., and surface 
70 square mm. 

The aluminium cylinder had a diameter of 2 cms., a 
height of 2 cms., and a surface of 12*5 square cms. The 
filament was shaped like a horse-shoe, the distance between 



Fio. 29 a.—Scheme of Connections foh 
use of an Oscillation Valve as a 
Detector in Wireless Telegraphy. 

A, Aerial Wire. P, S, Jigger. C, Tuning 
Condenser. 0, Oscillation Valve. B, Valve 
Battery, r, Rheostat. G, Galvanometer 
or current-detecting instrument. 


1 See J. A. Fleming, “ On the Conversion of Electric Oscillations 
into Continuous Currents by Means of a Vacuum Valve,” Proc. Boy. 
Soc. Lond.y vol. lxxvi., p. 476, 1905. 
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the legs being 5 mm. This filament was rendered incan¬ 
descent to various degrees by applying to its terminals 
8, 9, 10, and 11 volts 
respectively. Another 
insulated battery of 
secondary cells was 
employed to send a 
current through the 
vacuous space from 
the cylinder to the 
filament, connection 
being made with the 
negative terminal of 
the latter. The cur¬ 
rent through the vacu¬ 
ous space and the 
potential difference of 
the cylinder and nega¬ 
tive end of the hot 
carbon filament were 
measured by a po- 
tentiometer. The 
effective resistance of 
the vacuous space is 
then taken to be the 
ratio of the so ob¬ 
served potential difference (valve P.D.) to the current 
(thermionic current) through the vacuum. 

The results of observations are tabulated in Table I., and 
graphically represented in Fig 30. In these curves the 
vertical ordinates are the thermionic current of negative 
ions and the horizontal abscissae the P.D. between the 
filament and collecting plate. Such a curve is called the 
characteristic curve of the valve. 

The column headed P.D. gives the potential difference 
between the hot filament and the cylinder, that headed A 
gives the current through the vacuous space in milliamperes, 
that headed R the resistance of the space in ohms, and that 
headed K10 5 is 100,000 times the conductivity. 

The result is to show that the vacuous space does not 
possess a constant resistance, but its conductivity increases 
rapidly up to a maximum and then decreases as the valve 
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Fig. 29b.—S cheme of connections for use 
of an oscillation valve as a detector in 
wireless telegraphy, but with a tele¬ 
phone receiver, T, as current detecting 
instrument. 
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Table 1. — Variation of Current through, and Conductivity of, a 
Vacuum Valve with Varying Electromotive Force, the Electrodes 
being an Incandescent Carbon Cathode and Cool Aluminium 
Anode. 


Carbon filament at 11 volts, i 

Carbon filament at 10 volts, 

3-77 

amp., 

41*47 watts. 

3-44 amps., 34-43 watts. 

Vacuum Space. 

Vacuum Space. 

P.D. 

A. 

R. 

KIO 5 

P.D. 

A. 

R. 

KIO 5 

0-6 

0-024 

25,000 

4-0 

0-7 

0-014 

50,000 

2-0 

5-4 

0-264 

20,550 

4*86 

2-8 

0-073 

38,360 

2-6 

8-8 

0-480 

18,330 

5-45 

8-2 

0-392 

20,920 

4-76 

18-2 

3-880 

4,691 

21-4 

12-8 

0-824 

15,530 

6-56 

22-9' 

26-790 

855 

118-1 

16-2 

1-739 

9,316 

10-70 

29-1 

28-02 

1,038 

96-1 

20-1 

5-352 

3,756 

26-6 

37-1 

28-426 

1,305 

76-6 

23-3 

9-68 

2,407 

41-4 

49-0 

26-50 

1,719 

58-0 

35-9 

10-037 

3,577 

28-0 

70-2 

26-87 

2,613 

38-3 

49-7 

9-794 

5,075 

20-0 

100-0 

24-36 

4,105 

25-0 

71-6 

8-920 

8,027 

12-5 





100-08 

8-331 

12,010 

8-32 


Carbon filament at 9 volts, 3-112 amps., 28-0 watts. 


Vacuum Space. 


P.D. 

A. 

R. 

K10 5 

1 P.D. 

A. 

R. 

KIO 5 

0-5 

0-005 

100,000 

1-0 

24-2 

2-389 

10,130 

10-0 

2-5 

0-049 

50,020 

2-0 

! 28-2 

2-437 

11,650 

8*6 

5-2 

0-128 

40,625 

2-46 

36-6 

2-508 

14,590 

6-86 

8-3 

0-324 

25,620 

4*0 

48-6 

2-535 

19,170 

5-0 

8-8 

0-361 

24,380 

4-1 

58-5 

1 2-374 

24,640 

4-0 

12-6 

0-70 

17,970 

5-5 

1 72-5 

2-253 

32,180 

3-0 

16-4 

1-735 

9,452 

10-5 

102-0 

2-067 

49,350 

2-0 

20-4 

2-351 

8,677 

11*2 






potential difference progressively increases. If we plot the 
current values as ordinates and potential difference of the 
valve electrodes as abscissae, we find that the current quickly 
rises to a maximum or saturation value and then falls again 
slightly as the potential difference increases steadily. The 
conductivity curve, represented by the line dotted line, also 
rises to a maximum and then decreases (see Fig. BO). 

The facts so exhibited are well-known characteristics of 
gaseous conduction in rarefied gases. It may be noted that 
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there is in these current-voltage and voltage-conduction 
curves a general resemblance to the magnetisation and 
permeability curves of iron. 

To examine further the nature of this conduction the 
following experiments were made: If a vacuum bulb, as 
described, is joined up in series with a galvanometer and an 
electrodynamometer and an alternating electromotive force 
applied to the circuit, the two instruments will both be 
affected. The galvanometer is, however, affected only by 
the resultant flux of electricity in one direction. It measures 
the unidirectional current. The dynamometer is affected 



Fig. 30. —Characteristic Curves of vacuous space in an oscillation valve 
for various temperatures of the carbon filament. 


by the bilateral flux of electricity and it measures the total 
or alternating current. If, therefore, the vacuous space is 
totally non-conducting in one direction, one half of the 
alternating current will be cut out. The galvanometer will 
read the true mean (T.M.) value of the remanent unidirec¬ 
tional current, and the dynamometer will read the root- 
mean-square (R.M.S.) value. If the conductivity in one 
direction is not zero, then the galvanometer will read the 
T.M. value of the difference of the positive and negative 
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currents, but the dynamometer will read the R.M.S. value 
of their sum. 1 

In the last case, the current through the valve may be 
considered to be a continuous current superimposed upon 
an alternating current. 

If we call I the maximum value of the nearly sinoidal 
current in one direction, and I' the maximum in the opposite 
direction, then we may say that the dynamometer reading 
(D) expressed in true current value is equal to g (I+T) where 
g is the amplitude factor, and also that the galvanometer 
reading ( G) in true current value is equal to gjf (1 —I') 
where/is the form factor of the current. 2 Hence— 

D_ f i+r »IG±J_ i 

G -JI _ r or y ~i_r 


2 f 

The fraction sa y expressed as a percentage may 

be called the rectifying power of the valve, for it expresses the 
percentage which the actual unilateral electric flow or 
continuous current through the valve is of that continuous 
current which would flow if the unilateral conductivity were 
perfect. 

This point was examined, as follows : A sensitive 
electro-dynamometer was constructed, the fixed coil having 
2,000 turns of No. 47 silk-covered copper wire and 
the movable coil 1,000 turns. The suspension of the 
movable coil was by a fine flat phosphor-bronze wire at 
top and bottom. The deflection was observed by a mirror 
and scale. 

This dynamometer was placed in series with a shunted 
movable coil galvanometer of Holden-Pitkin pattern, and 
the two together piaced in series with a variable section of 


1 If i is the instantaneous value of a periodically varying current 
with maximum value I and periodic time, T , then the root-mean-square 

value (R.M.S. value) of i is defined to be and fh e * rue 


mean value (T.M. value) of i is defined to be ^ J 


2 ftT 


idt. 


2 The form factory /, and amplitude factor , g , are the names given 
by the author (see The Alternate Current Transformer , J. A. Fleming, 
vol. i., p. 585, 3rd Edition) to the ratio of the R.M.S. to the T.M. 
value of the ordinates of a single valued periodic curve, and to the 
ratio of the R.M.S. value of the ordinates to the maximum value during 
the period. 
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an inductionless coil through which an alternating current 
was passing. A vacuum valve as above described was in 
series with the galvanometer and dynamometer. The 
alternating current was derived from an alternator giving a 
nearly true sinoidal electromotive force. The form factor 
of the electromotive force curve of this alternator was 
determined and found to be 1*115, that for a true sine 
curve being 1*111. 

The vacuum valve sifted out the alternating current flow 
and allowed the currents in one direction to pass, but nearly 
stopped those in the opposite direction. The indications of 
the electrodynamometer were proportional to the root- 
mean-square (R.M.S.) value of the sum of the two opposite 
currents, and that of the galvanometer to the true mean 
value (T.M.) of their difference. The galvanometer and 
dynamometer were both calibrated by a potentiometer by 
means of continuous current, and curves constructed to 
‘convert their scale readings to milliamperes. Then with 
various alternating current electromotive forces, their 
readings were taken when in series with a vacuum valve and 
recorded in Table II. below. The letter D denotes current 
in milliamperes as read by the calibrated dynamometer 
and 6 that read by the galvanometer. The ratio D/G is 
denoted by a, and the 
rectifying power, viz., 

2//a+/ by /3. 

The table shows that 
the value of a is not 
constant, but for each 
state of incandescence of 
the filament reaches a 
maximum which, how¬ 
ever, does not greatly 
differ from the mean 
value of the range of 
currents used. If we 
set out the mean values 
of fi in a curve (see Fig. 

31), in terms of the power expended in heating the carbon 
filament, we see that the rectification is less complete in 
proportion as the temperature of the carbon filament 
increases. 



Fig. 31. 
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Table II. — Ratio of Electrodynamometer ( D ) to Galvanometer ( G ) 
Readings in Milliamperes. Form Factor of E.M.F. Curve = 
1*115=/. 


Carbon filament at 11 volts, 3*77 amps., 41‘7 watts. 


D. 

G. 

1) G—a. 2 

/ a + /= B. 

0-85 

0-57 

1*49 

0*86 v 


1-33 

0-85 

1*56 

0*83 


1-87 

1*16 

1*61 

0*82 


2*30 

1-40 

1*64 

0*81 

. Mean = 

3*20 

1-88 

1*73 

0*78 

0*82 

3-52 

2*10 

1*68 

0*80 


4-54 

2-81 

1*62 

0*82 



Carbon filament at 10 

volts, 3*44 amps., 

34*43 watts. 

0-50 

0*34 

1*47 

0*861 


1*34 

0-86 

1*56 

0*83 


2*28 

1-48 

1*54 

0*84 


2*72 

1-68 

1*62 

0*82 


2-78 

1*71 

1*63 

0*81 

•Mean = 

3-02 

1-87 

1*62 

0*82 

0-83 

3-53 

2*17 

1*63 

0*81 


4-30 

2*92 

1*47 

0*86 


4-25 

2*88 

1*48 

0*86, 



Carbon filament at 9 volts, 3*112 amps. 

, 28*0 watts. 

0-40 

0*31 

1*29 

0*93 , 


0-73 

0*50 

1*46 

0*87 


1-28 

0*83 

1*54 

0*84 


1*65 

1*15 

1*43 

0*88 


1-82 

1*26 

1*44 

0*87 


1-78 

1*26 

1*41 

0*88 

Mean — 

1-93 

1*35 

1*43 

0*88 

0*89 

1-94 

1*41 

1*38 

0*89 


1-87 

1*41 

1*38 

0*91 


1-83 

1*39 

1*32 

0*92 


1*73 

1*37 

1*26 

0*94 1 



The meaning of this last effect is not quite clear. It is in 
all probability connected with the fact that in the Edison 
experiment with the plate between the legs of the filament 
in a glow lamp a galvanometer connected between the plate 
and the negative terminal of the filament shov r s no current 
when the filament is not very brightly incandescent, but does 
indicate a feeble current when the temperature of the 
filament is raised to very bright incandescence. 

We can obtain a more complete transformation of an 
alternating current to a continuous one by employing a 
differential galvanometer and two vacuum valves. These 
must then be arranged, as shown in Fig. 32, one circuit G x of 
the differential galvanometer is in series with one valve 
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V x and the other circuit G 2 with the other valve F 2 , but 
so joined up that currents flowing through the valves in 
opposite directions pass round the two galvanometer wires 
in the same direction as regards the needle and, therefore, 
their effects are added together on the galvanometer needle. 
Each valve must then have its own separate insulated 
battery to ignite the filament. Also, it is necessary that 
the connection with the oscillatory circuit must be made in 
both cases to the hot filament by that terminal which is in 
connection with the negative pole of the local battery used to 
ignite the filament (see Fig. 32). 

In a Paper read to the Physical Society of London on 
March 23rd, 1906, the author exhibited a number of experi¬ 
ments with such valves, and showed how, in connection with 



Fig. 32.—Mode of employing two oscillation valves for the complete 
rectification of a high-frequency electric oscillation. 


a direct current galvanometer or milliammeter, it could be 
used as a quantitative or metrical detector of electric 
oscillations. 1 

2. Very shortly after the publication of the above new 
method of rectifying and detecting electric oscillations by 
means of a vacuum oscillation valve in the Proceedings of 
the Royal Society (vol. lxxiv., p. 476,1905) the author showed 
his experiments to Senatore Marconi, and at his request sent 
to him some of the oscillation valves for test between long¬ 
distance wireless stations of the Marconi Company. The 

1 See “ The Construction and Use of Oscillation Valves for Rectifying 
High Frequency Electric Currents,” J. A. Fleming, Proc. Phys. Soc. 
Lond. y vol. xx., p. 177, 1906 ; also Phil. Mag., May, 1906. 
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valves first supplied were made with carbon filaments and 
with, sheet nickel cylinders or collecting plates, the filament 
being of such size that it required about 12 volts to bring it 
to an incandescence corresponding to 3*0 watts per candle. 
It is not convenient to employ high voltage lamps as 
detectors in the case of radiotelegraphy, because this 
necessitates using a large number of secondary cells as a 
filament-heating battery. It was, in fact, soon found that 
for radiotelegraphic purposes a small 4-volt lamp made with 
metal cylinder embracing but not touching the filament was 
as effective as a detector as a larger lamp and required as 
heating battery the use of only a couple of portable storage 
cells. It was also found desirable to employ a small variable 
resistance in series with this battery and the lamp filament 
to regulate the temperature and thermionic emission of the 
latter. 

Before the middle of 1905 the valves sent to Senatore 
Marconi were employed by him in practical wireless tele¬ 
graphy, with a telephone as a signal receiving or detecting 
appliance, the general arrangement of the receiving circuits 
being as shown in Fig. 29. 

In this case the operation of the valve is as follows : 
When a transmitter is sending out intermittent trains of 
feebly damped waves, these waves, when incident on a 
receiving aerial, set up similar but feeble trains of damped 
oscillations in the receiver and create oscillations of potential 
at the terminals of the condenser in the secondary circuit of 
the receiver. 

If a Fleming oscillation valve have its collecting plate 
connected to one terminal of the condenser, whilst the other 
terminal of the condenser is connected through the Bell 
magneto telephone with the incandescent filament of the 
valve, then the electrical action is as follows : 

When the terminal of the condenser in connection with 
the collecting plate becomes positively charged by the 
movement of electricity in one direction, this charge is at 
once neutralised by the negative ions which are being 
projected from the hot filament on to the collecting plate. 
Hence there is a corresponding movement of electricity 
through the telephone. When the condenser-plate becomes 
negative at the next semi-oscillation no such discharge 
takes place, nor movement of electricity through the 
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telephone. Accordingly, at each semi-oscillation of the 
potential at the terminals of the receiver condenser the 
telephone is traversed by little gushes of electricity, and 
these gushes integrate into a single unidirectional flow or 
movement for each train of oscillations or spark at the 
transmitter balls. If, then, the transmitter produces what 
is called a musical spark, or one in which the separate 
condenser discharges are very uniformly equispaced in 
tune, the corresponding small sounds heard in the Bell 
telephone at the receiver at each spark run together into 
a uniform musical note, the pitch of which is the same as 
that of the frequency of the spark at the transmitter. This 
sound is cut up into dot and dash signals on the Morse code 
by manipulation of the key in the transmitter circuits. 

By the adoption of a spark frequency of about 500 we 
avail ourselves of the physiological-physical fact that for 
some frequency near to 700, as shown by Lord Rayleigh, 
the telephone phis the human ear is most sensitive to the 
interruptions of a current which does not exceed a small 
fraction of a microampere. Accordingly, good signals can 
be radiotelegraphed and received audibly by the passage 
of an extremely small current through the telephone, 
probably not more than 1 or 2 microamperes. Hence the 
thermionic current provided by the hot electrode in the 
valve need not be large, and therefore a short and low 
voltage filament will suffice. A filament which incandesces 
with 8.5 to 4 volts is generally used. 

At a little later date Marconi found it to be an advantage 
to actuate the telephone with an induced current, and 
inserted a transformer or “ jigger ” between the telephone 
and the valve circuit. He joined the high-resistance circuit of 
this transformer, J, in series with the vacuum valve, and the 
low-resistance or large current circuit in series with the 
telephone (see Fig. 88) ; and he inserted a condenser, C„ of 
small capacity in series with the valve and induction coil 
circuit. 1 For the induction coil he employed, at first, an 
ordinary 10-inch induction coil, putting the high-resistance 
secondary circuit in series with the Fleming valve, and 
the low-resistance in series with the telephone receiver. 

1 See British Patent Specification No. 887 of January 12th, 1907. 
Guglielmo Marconi and Marconi’s Wireless Telegraph Company, 
Limited. 
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One other small improvement was soon afterwards made, 
when the Fleming valve was put into practical operation 
in radiotelegraphy by Marconi’s Wireless Telegraph Company. 
The author had frequently observed in his early experiments 
on the “ Edison effect,” in 1896, the great sensitiveness 
of the thermionic current to the action of a magnet near 
the lamp, and also somewhat later to electrically-charged 
bodies held near the bulb. The ions projected from the 



Fig. 33.—Mode of Employing an Oscillation Valve, V, as a 
Detector in Wireless Telegraphy. 

B, Valve Battery. J, Jigger. C, Tuning Condenser. A, Aerial. 
C, Receiving Condenser. T, Telephone Receiver inductively 
coupled to valve circuit. 


filament are deflected from their path either by magnetic 
or electric fields. Hence a Fleming valve joined in series 
with a sensitive mirror galvanometer with a steady E.M.F. 
applied to force a negative current from the hot filament 
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to the collecting plate through the vacuous space forms a 
very sensitive electrometer, provided the E.M.F. is adjusted 
so as to correspond to a point near the place where the 
thermionic current begins to rise very rapidly, as shown 
by the characteristic curves (see Fig. BO). If an electrified 
ebonite rod or stick of sealing wax is held near a valve when 
in action it will generally make a very considerable reduction 
in the current indicated by the galvanometer. 

It was therefore found desirable to enclose the valves in 
an outer case of copper gauze and to connect this to the 
earth, to prevent any disturbance of the thermionic current 
by electrostatic induction from neighbouring electric 
charges. A practical pattern of Fleming oscillation valve 
which then came into use for radiotelegraphic reception 
was made as follows : 

The enclosing glass vessel consisted of a tube of glass 
about 1 inch in diameter and 8*5 to 4 inches long. This 
was equipped at one end with a stem carrying a horseshoe 
carbon filament of carbon, or later of tungsten wire. The 
filament was of such length as to be brightly incandescent 
at some voltage between 10 and 12 volts. This filament 
is surrounded by a cylinder of copper or nickel sheet attached 
to a platinum wire sealed through the glass. In a type 
of valve once used by the Marconi Company the collecting 
plate is a single flat plate of copper about 1 cm. square 
held near to the carbon or tungsten loop which forms the 
filament of the valve with the flat surface of collecting 
plate parallel to and a few millimetres from the plane of 
the horseshoe filament loop. The lamp is finished off with 
the usual bayonet or bottom contact pins, so as to work in 
a standard electric lamp socket (see Fig. 84). 

The tubular lamp is sometimes enclosed in a copper gauze 
screen bound closely to the glass, and this screen is connected 
to earth when the valve is in use (see Fig. 34). The Marconi 
Company now fit up a valve-receiving set in which two 
valves are arranged to work off the same lamp battery, 
either lamp being brought into use by means of a throw- 
over switch at pleasure. This provides for the accident 
of a valve filament burning out during the reception of a 
message, as the operator can instantly throw over the 
switch and bring the spare valve into use (see Fig. 85). 
These valves are placed in sockets on a box which contains 
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the variable resistance for adjusting the filament current, 
and also the condenser and current transformer, as used 
in Senatore Marconi’s circuits specified in his British Specifi- 
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t ' 

i—r 

Fig. 34a. 

Fig. 34. —Types of Fleming Oscillation Valves employed in Wireless 
Telegraphy. Fig. 34 shows the valve (full size) with copper-gauze 
shield for protecting from external electric fields. 


cation, No. 887 of 1907 (see Fig. 38). Each valve has the 
usual brass collar for fitting the bayonet socket. 


66 



































Radiotelegraphy and Telephony 

This receiving set has terminals outside the box for the 
working battery, for the telephone receiver and for con¬ 
nection to the terminals of the condenser in the receiver 
circuits, which is generally a Marconi tuner. 1 

In 1911 Dr. R. S. Willows and Mr. S. E. Hill 2 described 
some experiments with a Fleming valve, in which the 
heated element was a platinum strip coated with lime ; 
in fact a Wehnelt cathode, as it is called. This form of 
cathode, as already mentioned in Chapter I., was found 
by Wehnelt to emit copiously negative electrons when 
the platinum is raised to a white heat by a current. Messrs. 



Fig. 35. —Fleming Valve Receiving Set. as made and used by Marconi’s 
Wireless Telegraph Company, Ltd. 


Willows and Hill prepared a valve in which the cathode was 
a lime-coated platinum strip and the anode plate was 
coated with aluuminic phosphate, which gives out positive 
ions when raised to a dull red heat. Although such coated 
cathode and anode plates may evolve larger thermionic 
currents than the simple carbon or tungsten filaments, yet 
there is a tendency for the coatings to fall off the platinum 
plates in course of use. Moreover, such coated cathodes 

1 For details of the Marconi tuner, see J. A. Fleming, Principles of 
Electric Wave Telegraphy and Telephony , 3rd Edition, Part III., chap.vii. 

2 See R. S. Willows and S. E. Hill, The Electrician, vol. Ixviii., p. 302, 
1911, “ Vacuum Oscillation Detectors.” 
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and anodes cannot be freed sufficiently from occluded 
gases in the process of manufacture. Hence the vacuum 
is generally not very high, and is variable. This introduces 
irregularities in working and non-uniformity in behaviour 
in different valves, due to the predominance of gaseous 
ionisation in the operation. Dr. Willows and Mr. Hill 
noted one interesting fact with this valve. They con¬ 
nected the cathode and anode outside the valve by a circuit 
in which was an ammeter and a battery, the E.M.F. of 
which could be varied, and also an oscillation transformer 
was inserted, so as to impose an oscillatory E.M.F. on the 
steady E.M.F. Tugman had already noted (see Physical 
Review , vol. xxix., p. 154, 1909) that under these conditions 
the addition of an oscillatory E.M.F. increased the current 
flowing, if the battery E.M.F. was small, but decreased it 
if it was made larger. Willows and Hill confirmed this 
fact, but also noticed that when the steady battery E.M.F. 
was still more increased the total current became 1,000 
times greater than that produced by rectifying the oscillation 
without the introduction of the steady battery E.M.F. 

8. Very soon after the first application of this oscillation 
valve in radio telegraphy the author began to study more 
carefully the form of the characteristic curves of these 
valves, with the object of finding the condition of greatest 
sensitiveness and also of manufacturing them with uniformity. 
For this purpose a large number of such valves were made, 
many of them kindly furnished by Mr. C. H. Steam, employ¬ 
ing his special type of leuconium filament or else tungsten 
wire. The advantages of tungsten wire for the hot element 
in a thermionic valve were mentioned by the author in a 
British Patent Specification, No. 18,518 of June 25th, 1908 
The characteristic curves of many tungsten and carbon 
filament valves were delineated as follows: The lamp 
filament was incandesced by a constant E.M.F.. and another 
E.M.F. varying- from 0 to 100 volts was inserted in an 
external circuit connecting the plate with the negative 
terminal of the filament-heating battery. This auxiliary 
E.M.F. was applied so as to make the plate positive. The 
current was read by a milliamperemeter. The conductivity 
of the vacuous space was calculated from the ratio of this cur¬ 
rent to the P.D. between filament and cylinder. The results 
were set out graphically as in the curve in Fig. 36. The 
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firm line is the current curve, and the dotted line the 
conductivity curve in terms of applied voltage. It will 
be seen that the current rises slowly at first, then rushes 
up to a maximum and then falls off again as the P.D. 
between filament and cylinder is steadily increased. If, 
for shortness, we may call the latter potential difference the 
valve P.D. and the P.D. on the filament ends the filament 
P.D., we can then say that when the valve P.D. reaches a 
certain value, which is generally near the filament P.D., 
the thermionic current begins to rise with great rapidity. 
This is partly due to ionisation of residual gas molecules 
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Fig. 36. —Characteristic Curve and Conductivity Curve of a Two- 
electrode Valve. The horizontal abscissae are the electromotive 
force acting between the hot and cold electrodesand the ordinates, 
the corresponding thermionic currents. 


by the large momentum imparted by the increasing electric 
force to the negative ions escaping from the filament. 
The falling off in the thermionic current, when the impressed 
E.M.F. acting across the vacuous space is still more increased, 
may be due to the great accumulation of negative ions on 
and near the collecting plate and, as a result, the creation 
of a space charge giving a reverse electric force which 
reduces the resultant or effective P.D. between the filament 
and the plate. 
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To examine more carefully the lower part of this character¬ 
istic curve another arrangement was adopted. The valve 
filament was made incandescent by the current from a 
battery, B, which passed through a variable resistance, r, and 
through the filament. The terminals of this battery were 
also connected by a high resistance, B, of several hundred 
ohms. On this was a sliding contact, a (see Pig. 87). The 
collecting plate, or cylinder, of the valve was joined through 
a milliammeter, G, with this sliding contact. Hence, by 
shifting the contact the P.D. between filament and plate 
could be varied, and with it the thermionic current. 



Fig. 37.—Scheme of Connections for Delineating Characteristic Curve 
of Two-electrode Valves. 


This current was then plotted out in milliamperes in 
terms of the voltage or P.D. reckoned from the negative 
end of the battery. Fig. 88 shows one such characteristic 
curve. It was then found that this curve differed somewhat 
for various valves, being dependent upon the degree of 
vacuum and nature of the filament. In most cases this 
curve had changes of curvature at various points. These 
were delineated by drawing a second differential curve 
as follows : The slope of the characteristic curve was 
measured by a protractor at each point, and a curve con- 
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structed, of which the ordinates are the slopes of the 
characteristic curve to corresponding ordinates. Then 
this slope curve was treated in the same way, which gave 
a second curve, whose ordinates were proportional to the 
second differential (d 2 y/dx 2 ) of the ordinates ( y ) of the 
characteristic curve, but plotted to the same abscissa (&). 
The ordinates of the second differential curve therefore 
gave a measure of the curvature of original curve or rate of 
change of its slope. This second differential curve is 
represented by the dotted line in Fig. 38. It was found 



Fig. 38.—Lower part of the Characteristic Curve (firm line) of a two- 
electrode valve and corresponding second differential curve 
(dotted line). 

that in most cases the characteristic curve started from 
a point about half a volt on the negative side of the zero. 

This suggested to the author another method of operating 
the valve as a detector. If the applied steady voltage 
between the filament and plate has such a value that 
it corresponds to a point of change of slope on the 
characteristic curve, then, if by means of an inductive 
coupling an oscillatory E.M.F. from any source is super¬ 
imposed on this steady voltage, the mean value of the 
thermionic current will suddenly increase, and a telephone 
inserted in the external circuit of filament and plate will 
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give a sound. The arrangements required on this scheme 
for so using the valve as a wave detector are as shown in 
Pig. 39, taken from the author’s specification. 1 

With certain 
valves we can ob¬ 
tain extraordinary 
sensitiveness to 
feeble oscillations 
by this method of 
using them, de¬ 
pending upon the 
sudden changes of 
slope in the 
characteristic 
curves at certain 
points. One valve 
made for the writer 
by Mr. 8team had 
a remarkable cha¬ 
racteristic of this 
kind and possessed 
unique sensitive¬ 
ness as a radio-tele- 
graphic detector at 
one particular 
point in the curve. 
Unfortunately, it 
was not found pos¬ 
sible to repeat in 
manufacture with certainty this peculiarity of the character¬ 
istic. Our methods of measuring and testing residual gas 
pressure or density in high vacua are still very imperfect, 
and the absorption by, and evolution of, gas from the 
filament and plate is irregular and not under control. 

4. The experiments conducted in the author’s laboratory 
between 1905 and 1908 had rendered it evident that constancy 
in results must therefore be dependent upon the employment 
of a very high vacuum in the bulb. 

It was quite clear that many of the irregular effects found 

1 See J. A. Fleming, British Patent Specification N©. 13,518 of 
June 25th, 1908 ; also United States Specification No.^945,019, appli¬ 
cation of January 2nd, 1909. 



Fig. 39,— The Author’s Second Method 
of Using an Oscillation Valve as a 
Detector in Wireless Telegraphy, 
making use of Change of Curvature 
in the Characteristic Curve. 

V, Valve. B, Valve Battery, r, High Resis¬ 
tance with Sliding Contact. T, Telephone. 
A. Aerial. C, Receiving Condenser. 
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in the actual vacuum values used depended upon ionisation 
of the residual gas, and that to obtain uniform results 
exceedingly high vacua must be obtained. The author 
had this matter clearly before his mind in drafting the 
patent specifications covering the original invention. In 
the specification of the British patent granted to the author, 
No. 24,850, of 1904, covering the invention of this valve 
on page 8, line 46, the author says : “As a very high 
vacuum should be obtained in the bulb, and as a considerable 
quantity of air is occluded in the conductors, these should 
be heated when the bulb is being exhausted. The filament 
can be conveniently heated by passing a current through it, 
whilst the cylinder can be heated by surrounding the bulb 
with a resistance coil through which a current is passed, the 
whole being enclosed in a box lined with asbestos, or the 
like. When, as hereafter described, the cylinder is replaced 
by any form of conductor which can be heated by passing 
a current through it, this method is usually more convenient 
than that just described.” * 

On page 4, fine 38, of the same specification the author 
says : “In place of using a metallic cylinder, surrounding 
a carbon loop filament, I sometimes use a number of carbon 
filaments. Some of these are heated by means of an electric 
current and become the hot conductor of the oscillation 
valve, and the others remain cold and form the cold con¬ 
ductor ; or the metal cylinder may be replaced by a cylinder 
of meerschaum, or the like, having wound helically upon 
it a narrow ribbon of metallic foil.” 

Precisely the same statements were made in the corre¬ 
sponding United States Patent Specification, No. 803,684. 
It is therfore perfectly clear that the author recognised 
the advantages of a high vacuum, and of the elimination 
of all occluded gases from the plates and filament. 

Nevertheless, the attainment of perfection in any manu¬ 
factured article is limited by that of the tools at disposal. 
At the time that these experiments were being made our 
means of making high vacua were chiefly the various forms 
of Sprengel-mercury pump and types of mercury pump 
making a repeated Torricellian vacuum. 

The valuable Gaede molecular mechanical pump had not 
then made its appearance. The high vacua obtainable by 
Sir James Dewar’s process of cooling charcoal placed in the 
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vessel to be exhausted by means of liquid air, mentioned at 
the end of this chapter, presupposes the possession of a plant 
for making supplies of liquid air in any quantity. 

Hence the utmost that could be done then was to obtain 
such vacua in the valves as was usual in the manufacture of 
incandescent lamps. When, however, we recall to mind 
that in one cubic centimetre of air at 0° C. and 760 mm. there 
are about 2*7 xlO 19 molecules it will be seen that even if we 
make a vacuum of 0-0001 of a millimetre of mercury, or 
1 /7,600,000 of an atmosphere, this exhaustion still leaves at 
least 3 million million molecules (—3 xlO 12 ) present in every 
cubic centimetre, or about 10,000 molecules to the linear 
centimetre. In other words, in a very high vacuum of 
0-0001 mm. there are still 1,000 molecules per linear mm. in 
every direction. 

What the author was unable to achieve in 1905 or 6 
subsequent experimentalists possessed of better appliances 
and the resources of the research laboratory of a great 
manufacturing corporation in the United States have been 
able to accomplish. 

5. An interesting account has been given by Dr. Irving 
Langmuir of the work done on this subject in the research 
laboratories of the General Electric Company, Schenectady, 
U.S.A., in a paper read to the Institute of Radio Engineers, 
New York, April 7th, 1915, entitled “ The Pure Electron 
Discharge.” 1 In this work the suggestions and instructions 
of the author as to the precautions to be taken in the con 
struction of oscillation valves were carried out with great 
thoroughness to their logical issue, and the result has been 
the production of what may be called an ideally perfect 
Fleming Valve, which highly exhausted valve, for reasons 
not very forceful, has been rechristened a Kenotron. When 
an already used instrument is called by a new name the 
public are led to believe that there is some difference in 
principle and not merely in degree from pre-existing examples 
of it. In this case the appliance denominated a kenotron 
is certainly a Fleming valve, but precautions are taken in 
making it to push the exhaustion of the air from the bulb to 


1 See Proceedings of the Institute of Radio Engineers , vol. iii., p. 261, 
September, 1915 ; see also British Patent Specification No. 15,788 
of 1914. Improvements in and relating to Electrical Vacuum Dis¬ 
charge Devices. The British Thomson Houston Company, Limited. 
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its utmost limits. When this is the case the electrons 
emitted from the incandescent filament reach the anode or 
collecting plate without more than a very small number of 
collisions with residual gas molecules and gas ionisation 
phenomena are absent. This, however, does not seem to 
furnish a sufficient warrant for a special name for a high 
vacuum valve. 

In the case of X-ray bulbs there is a well marked difference 
between bulbs with very high vacuum, which are usually 
called hard tubes, and bulbs with a less perfect vacuum, 
which are called soft tubes. Each variety has a special 
advantage. 

So also with oscillation valves : they may be either soft or 
hard according to the degree of vacuum, and for some 
purposes a hard valve is best, and for others a soft valve; 
but this is a quantitative and not a qualitative difference. 

Dr. Langmuir begins his paper by noting the fact that in 
modern high vacuum tungsten wire lamps in which the 
temperature of the filament approaches 2,500° C. or more 
the thermionic emission from the filament, which, according 
to Richardson’s formula, should be at the rate of some 
amperes per sq. cm. of filament surface, is not in accordance 
with the thus predetermined value. 

Experience shows that the current flowing across the 
vacuous space in a good highly insulated tungsten lamp is 
very small. This was found to be due not to any inability 
of the filament to emit electrons, but to the fact that when 
the space is, so to speak, saturated with electrons any 
further emission from the filament is stopped because 
electrons are driven back on the hot surface as fast as they 
escape from it, unless the filament is brought to*a sufficiently 
large negative potential to repel them. 

Dr. Langmuir found, by experiments made in a very 
perfect vacuum with a hot cathode and cold anode of 
tungsten, that if a constant P.D. is put on the electrodes and 
the temperature of the cathode steadily raised the thermionic 
current first rises in accordance with Richardson’s law, 
but then at a certain temperature depending on the P.D. 
the current becomes constant and independent of the 
temperature and does not increase (see Eig. 40). 

The curve representing the thermionic current as a 
function of, temperature therefore consists of two parts: 
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first, a part in which Richardson’s equation applies and in 
which the current is saturated and independent of voltage, 
and, second, a part in which the current is independent of 
temperature. In this latter part the current is again 
determined by the voltage and increases with it. The 
explanation of this is to be found in the fact that the 
electrons carrying the current between the electrodes 



Fig. 40. —Curves given by Dr. Langmuir showing the Thermionic 
Current of a High Vacuum Valve in terms of absolute Ternj^erature 
(Kelvin) Degrees for various Impressed Voltages. 


constitute a space charge which repels other electrons trying 
to escape from the filament, so that no more come out, even 
if the temperature is raised, unless the voltage is also raised. 

In a very high vacuum there is therefore a perfectly 
definite relation between the three variables—temperature 
of the hot cathode, thermionic current, and voltage or 
potential difference of the hot and cold electrodes. 
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If traces of residual gas are present then the impact on its 
molecules of the electrons emitted from the hot body, now 
called negative thermions, will give rise to positive and nega¬ 
tive gaseous ions. These positive ions are drawn by electric 
attraction to the hot cathode and disintegrate it in time. 
Also the ionisation increases greatly the current for a given 
P.D. of hot and cold electrode or, what is the same thing, 
reduces the P.D. required for a given current. If the gas 
pressure exceeds 0-0001 mm. then irregularities are intro¬ 
duced into the form of the characteristic curve, and with 
pressures of about 0-001 mm. the current may jump from 
one "value to another, even when the P.D. remains constant, 
as already noticed by the author. 

If, however, the vacuum is made as high as a millionth or, 
better, a hundred millionth of a millimetre of mercury, which 
needs extraordinary precautions, then the phenomena 
consequent on ionisation of residual gas are absent and the 
•whole effects are due to pure electron emission from the hot 
cathode. 

The thermionic current in milliainperes emitted per 
square centimetre of surface from a tungsten incandescent 
filament placed in the axis of a metal collecting cylinder in 
a “ perfect ” vacuum has been found by Langmuir to be 
expressed by the formula 

inilliamperes _^__^ 6 xl0V y 

square cms. 

where T is the absolute temperature of the filament. 1 

Langmuir also states that in a highly perfect vacuum 
there is a definite relation between the thermionic current (i) 
and the potential difference (F) of the hot and cold electrodes, 
such that i=CV$, where G is some constant depending on 
the form and distance of the electrodes. Hence, in the case 
of a pure electron discharge, the square of the thermionic 
current varies as the cube of the electrode potential 
difference. 

This equation, he states (loc. cit.), has been found to give 
results in accordance with experiment when there is no 

1 It is usual to express absolute temperatures by putting tlie letter 
K (K = Kelvin) after the number. Thus 2,000 deg. K=2,000 deg. abso¬ 
lute — (2,000—273) deg. Centigrade. 
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appreciable residual gas ionisation producing positive ions. 
Extremely minute traces of gas may lead to the formation of 
a sufficient number of positive ions to reduce greatly the 
space charge of electrons and thus increase the current 
carrying power of the space. 

The characteristics of this positive ionisation are the 
appearance of a blue glow in the tube or vessel, the dis¬ 
integration of the hot cathode and the fact that the ther¬ 
mionic current increases in an irregular manner with the 
voltage applied to the electrodes and not simply according 
to the 3/2 power of the P.D. 

When the exhaustion of the bulb is sufficiently high 
to prevent anything but the pure electron emission 
from the hot cathode the path of the cathode rays 
is quite invisible, and it is possible to obtain very large 
thermionic currents without damage to the electrodes, 
and also to reproduce with equal qualities a required 
valve. 

6. Starting from these researches the General Electric 
Company of America have been able to make a very perfect 
type of thermionic rectifier, in which gas ionisation is 
prevented and pure electron transmission from the hot to 
the cold electrode the only effect. 1 

An interesting account of this work has been given 
by Dr. Saul Dushman in the General Electric Eevieto 
for March, 1915, vol. xviii., p. 156. The chief object of 
this work was to make a thermionic rectifier which should 
be constant and durable in action, carry as large a 
current as possible and endure the application to it of a 
high voltage. 

First, as regards current carrying capacity, Kichardson’s 
formula with Langmuir’s constants gives us the relation 

1 Some who have written on this subject have endeavoured 
to restrict the term “ Fleming Valve ” to a thermionic rectifier in 
which the vacuum is not high enough to obviate all gas ionisation 
and accompanying phenomena. Anyone who will read the author’s 
patent specifications or his writings in 1905 and 1906 describing his 
oscillation valve, such as an article in Technics for April, 1905, will 
see that the author made no such restrictions. He always contem¬ 
plated the operation as essentially due to electronic emission. 
The making of a more perfect vacuum in a valve than was possible 
in 1904 or 1905 does not constitute a new invention or justify a new 
name, but is simply a more complete carrying out of the authors 
nstructions in practice than was possible at that date. 
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between current density in milliamperes per sq. cm. of 
filament surface, i, and absolute temperature T , as follows : 


T. 



» = milliamperes 

2,000 K ... 



4-2 

2,100 



15-1 

2,200 



48-3 

2,300 



137-7 

2,400 



364-8 

2,300 



891-0 

2,600 



2,044-0 


The current thus rises very rapidly with the absolute 
temperature of the filament. Dushman then gives a table 
showing the relation of filament diameter in mils. (1 mil.= 
•001 in.), the safe working temperature, the current in 
milliamperes per centimetre of length of such filament, 
and the power taken up in watts per centimetre of length 
of the filament. The “ safe temperature is that at which 
it will last 2,000 hours. 


Diameter 
of filament 
in mils. 

Safe 

Temperature 

absolute. 

Thermionic 
current in 
milliamperes 
per centum of 
Length. 

Watts per 
centum of 
Length. 

5 

Deg. K. 

2,475 

30 

3-1 

7 

2,500 

50 

4-6 

10 

2,550 

100 

7-2 

15 

2,575 

200 

11-3 


Thus a 5-mil. filament of tungsten in a very high vacuum 
run at a temperature of 2,400° K., which corresponds to 
1 watt per candle, has a life of 4,000 hours. The electron 
emission is 15 milliamperes per centimetre of length and the 
power required to be put into the filament is 4*5 watts per 
cm. of length. Where thermionic currents of 100 milli¬ 
amperes or more are required it is better to use a 7 or 10-mil. 
filament. 

There will then be a volt-drop, F, or P.D. between the 
hot and cold electrode expressed by the formula i=CV%. 

Suppose such a high-vacuum valve placed in series with 
a resistance and let an alternating electromotive force, E, 
be applied. Let i 8 be the current rectified ; also let V denote 
the volt-drop in the valve and B the external resistance, 
then i s —C(E —i s B)%. With constant value of E the current 
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rectified increases as R is decreased, until i 8 has attained 
the value i } corresponding to saturation thermionic current 
at the temperature at which the filament is running If 
R is still more decreased the current, i, will remain constant, 
and the volt-drop in the valve is that available above the 
volt-drop, i s R , in the external circuit. If the resistance is 
therefore removed or short-circuited the total external 
voltage is taken up in the valve and the energy may be 
expended in melting the anode or collecting plate. 

It must be remembered that in high vacuum valves the 
emitted electrons expend no energy in ionising residual 
gas molecules, and therefore expend it all in heating the 
anode, just as rifle bullets heat the target against which 
they strike. If the anode becomes too hot it also itself 
emits electrons, and then the rectification becomes im¬ 
perfect. The arrangement and size of the anode or collector 
surface must, therefore, be such that with the current 
required the volt-drop in the valve is not sufficient to 
expend on the anode energy enough to overheat it. 

If V is the volt-drop in the valve and i the thermionic 
current, then iV is the measure of the electronic energy ex¬ 
pended per second against the anode and converted into heat. 

The expenditure of power against the anode should not 

exceed about 10 watts per 
sq. cm. of anode surface. 
This corresponds to an anode 
temperature of about 1,600° K. 
(=1,600° absolute tempera¬ 
ture)—that is, a bright red 
heat. At this temperature ' 
the electron emission from 
the anode would be only 0-02 
milliamperes per sq. cm. 
Another matter which received 
attention in the design of the 
kenotron was the electro¬ 
static attraction between the 
incandescent filaments and 
the cold anode. Hence, in 
the case of high vacuum 
thermionic rectifiers, in which 
there is a P.D. of 20,000 volts 
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Fig. 41.— Kenotron or High- 
Vacuum Fleming Oscillation 
Valve as made by the General 
Electric Company of America, 
with Straight Filament and 
Cylindrical Anode. 
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or so between the hot and cold electrodes, the filament 
must be so supported that it cannot be pulled over and 
make contact with the cold electrode. 

The General Electric Company of America have produced 
several types of these high vacuum thermionic rectifiers. 
Fig. 41 shows a valve in which a molybdenum cylinder, 
about 10 ems. long and 1*27 cm. diameter, surrounds a 
straight tungsten filament. The filament is made of 10-mil. 
drawn tungsten wire. At a temperature of 2,560° K. 
the maximum thermionic current obtainable from it is 
400 milliamperes and the P.D. drop in the valve to produce 
this current must be 145 volts, whilst the total energy taken 
up in the apparatus is 180 watts or 
72 watts for heating the filament and 
58 in heating the anode. The anode 
has a surface of about 80 square 
centimetres. This power would just 
suffice to heat it to a dull red heat. 

The valve is therefore capable of recti¬ 
fying 0*4x15,000=6 kilowatts, and the 
power waste in the tube is about 2 per 
cent, of this transmitted power. In the 
case of smaller rectifiers the filament 
may be a small spiral of tungsten wire 
having held over it a molybdenum cap 
like a thimble which does not touch the 
filament (see Fig. 42). Such a valve 
is suitable for carrying up to 100 milli¬ 
amperes with valve P.D. of 10,000 volts. 

In other cases the filament is a W or 
zig-zag pattern of wire held in a frame 
and the anode is in the form of a pair 
of plates placed on either side of it (see 
Fig. 48). In this last pattern the current- 
carrying capacity can be up to 400 milliamperes at 
25,000 volts P.D. between filament and anode, or a rectified 
power of 10 kw., with a power dissipation of about 2 per cent., 
or 200 watts, in the valve itself. 

For higher voltages up to 100,000 the cylindrical anode 
is the best. Up to the present rectifiers of this type have been 
constructed for direct current voltages as high as 100,000 
and for currents up to 1*5 amperes. 
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FiG. 42.^Small 
Keno tron or 
High-Vacuum 
Fleming Oscilla¬ 
tion Valve as 
made by the 
General Electric 
Company of 
America. 
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The oscillogram shown in Fig. 44 shows the complete 
rectification effected by such a valve operating on a low- 
frequency alternating current of frequency 60, and an 
E.M.F. of 122 volts. The upper curve shows the generator 
unrectified E.M.F. curve and the 
lower the rectified current through 
the valve. 

A useful property of high vacuum 
valves is that any number can be 
arranged in parallel and will each 
contribute their proper share to 
the resulting unidirectional current 
provided that they are all placed in 
parallel with one and the same 
external resistance. 

The high vacuum valve thus 
possesses two advantages over the 
mercury arc rectifier in that it can 
not only be operated at a higher 
voltage, but that valves can be 
yoked in parallel. Such valves 
may therefore be used to produce 
small high voltage direct or uni¬ 
directional currents from trans¬ 
formers for X-ray work or for the 
precipitation of smoke. 

Dr. S. Dushman also suggests 
that it would be possible to use a 
large number of high vacuum 
valves, say 100 10-kw. size, to 
transmit power by direct currents 
on the Thury system, employing 
step-up transformers to raise a 
low A.C. voltage to the required 
pressure. 

7. Other experimentalists and 
workers have also contributed to the cultivation of the 
fields laid open by the above-described researches. 

Dr. A. Wehnelt obtained a German patent, No. 157,845, 
Klasse 21g, on January 15th, 1904, for an electrical valve 
(Elektrisches Ventil), using as a cathode an incandescent 
metal strip covered with oxides of some earth such as lime, 
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Fig. 43.—Large Kenotron 
or High-Vacuum Oscil¬ 
lation Valve as made 
by the General Electric 
Company of America. 
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baryta, etc., which earthy oxides he had shown gave off 
negative ions when strongly heated. He gave no details 
of the construction of this valve and no application of it to 
any technical purpose in the above-mentioned specification 
of his invention. 

In October, 1905, nearly a year after the date of the 
author’s British patent, No. 24,850 of 1904, and ten months 
after the publication in the Proceedings of the Royal Society 
of London of an account of the author’s application of a high 
vacuum valve as a 
rectifier in wire¬ 
less telegraphy, 

Wehnelt presented 
a paper to the 
Physical Institute 
of the University 
of Erlangen en¬ 
titled “ An Elec¬ 
trical Valve” (“ Ein 
Elektrisches Ventil- 
sohr ”) in which 
he describes the 
application of his 
vacuum tube hav¬ 
ing an incandes¬ 
cent lime-covered 
cathode for the 
purpose of rectify¬ 
ing alternating cur¬ 
rents and as a 
detector in wireless 
telegraphy. But although by that time he must surely have 
been acquainted with the author’s published work on this 
subject in the Proceedings of the Royal Society (published in 
February, 1905), and doubtless with the author’s German 
patent, granted April 12th, 1905, Dr. Wehnelt makes not 
the slightest reference in this paper to the author’s name or 
prior application of a carbon or tungsten incandescent 
lamp with metal collecting plate or cylinder in the exhausted 
bulb as a detector of oscillations in a wireless telegraph 
receiver. 

Wehnelt had applied for and obtained in January, 1904, 
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Fig. 44.—Oscillogram, showing by the Ujiper 
Curve the Wave Form of an Alternating 
Electromotive Force, and by the Lower 
Curve the Complete Rectification by a High- 
vacuum Valve or Kenotron. 
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a German patent, No. 157,845, for an electric valve con¬ 
sisting of a vacuum tube having an oxide-coated cathode 
and a cold metal anode and had specified this tube as a 
rectifier of ordinary single or polyphase alternating currents, 
but he makes no mention in the specification or the claim of 
its use for rectifying high-frequency currents, and, as we 
have seen, the latter is not an obvious deduction from the 
low-frequency rectifying power. Moreover, the author had 
shown in 1890 (see Proceedings , Royal Society , London , 
vol. xlvii., p. 120) that when an ordinary carbon filament 
with Edison plate in the bulb is rendered incandescent by a 
low-frequency alternating current the “ Edison effect ” 
current is a direct current. 

Profiting, no doubt, by the knowledge first given by the 
author in 1890 that the “ Edison effect ” can take place 
between an incandescent filament and a cold metal plate 
very near to it in air at ordinary pressure, others have 
constructed rectifying valves in which the incandescent 
filament was placed in a bulb not very highly exhausted. 

The employment for illumination of tungsten filament 
lamps in which the bulb is not highly exhausted, but filled 
with an inert gas such as nitrogen or argon at a low pressure, 
may, doubtless, have also suggested the trial of a similarly 
constructed oscillation valve or rectifier. In this case the 
anode or collecting plate must be placed very near the 
filament and the gas pressure in the bulb reduced to about 
3 mm. of mercury The current between cathode and anode 
is then chiefly due to gas ionisation. 

As an example of such a low vacuum valve, filled with a 
rarefied inert gas, we may mention that type of valve 
manufactured by the General Electric Company of the 
United States, which comprises a tungsten wire hot cathode 
and a tungsten plate cold anode, the bulb being filled witli 
rarefied argon. With the usual affection for special names 
this particular modification of the Fleming valve has been 
called a Tungar Rectifier. 1 

The bulb of the valve is first highly exhausted and then 
refilled with argon under a pressure of 30 to 80 mm. of 


1 See The General Electric Review , vol. xix., p. 297, April, 1916, 
article by Mr. G. Stanley Meikle on “ The Hot Cathode Argon Gas- 
filled Rectifier ” ; also ibid., vol. xx., p. 209, Mr. R. E. Russell on 
“ The Tungar Rectifier.” 
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mercury. The hot cathode is a tungsten wire spiral and this 
is placed very close to the cold anode tungsten plate. These 
valves are meant to operate on low voltage (75-120 volts) 
alternating current circuits and to rectify the alternating 
current for various purposes, such as battery charging, bell 
ringing or telegraph work. The valves are made in three 
sizes—viz., to rectify 2 amperes at 115 volts, 6 amperes at 
7-15 volts, and 6 amperes at 7-75 volts. The appearance of 
the 6-ampere tungar is shown in Fig. 45. 



Fig. 45.—Two-ampere and Six-ampere Tungars or Low Vacuum 
Argou-filled Oscillation Rectifying Valves. 

When used for rectifying an alternating current the 
tungsten filament or cathode is rendered incandescent by an 
alternating current supplied at proper voltage through a 
small transformer, T, operated from the alternating current 
supply. There is then a separate circuit formed by con¬ 
necting to the terminals of the alternating circuit the cold 
tungsten anode, A, on one side and the hot cathode, F, on the 
other, and in this circuit is inserted the battery or other 
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appliance to be served or worked by the rectified alternating 
current. The valve permits the passage of negative electricity 
only from the hot cathode to the cold anode (see Fig. 4G). 

All kinds of modifi¬ 
cations of the original 
invention have been 
suggested or patented, 
such as the use of a 
pool of mercury in the 
bulb as an anode (see 
United States patent 
of Lee de Forest, No. 
837,901, application of 
February 14th, 1900) 
and the division of the 
anode plate into two 
parts. In none of these, however, is there any departure from 
the essential principle that the emission of electrons or nega¬ 
tive ions from an incandescent body supplies the means of 
making a space between it and a cold metal anode unilateral 
in conductivity and therefore capable of rectifying an 
electric oscillation. 

No doubt, many of these suggested modifications have 
been prompted by the desire to evade the claims of the 
specification in which the author defined his invention. A 
patentee is bound properly to “ ascertain his invention ” 
and state the best means he knows of carrying it into effect, 
but if his invention or application is of a very novel kind he 
is entitled to a broad interpretation of his instructions. His 
patent rights are not avoided merely by carrying out to a 
greater or lesser degree the instructions in his specification. 
If, for instance, as in this case, he says a bulb is to be 
exhausted or to be vacuous, then that means vacuum 
enough to cause the required effect to be produced. If there 
is some degree of vacuum below or above which the effect 
does not take place then the patentee would be bound to 
define it precisely. On the other hand, if the effect is 
manifested over a large range then subsequent employers of 
the instrument or means will not evade the claims of the 
original patent merely because they follow out to the highest 
degree or else less perfectly the instructions in the specifica¬ 
tion. There is in the case of the Fleming oscillation valve 



Fig. 46. —Scheme of Connections for using 
Tnngar Rectifying Valve to Rectify a 
Low-frequency Alternating Current. 
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no justification for drawing a hard and sharp line between 
high vacuum, low vacuum, and moderate vacuum valves 
or limiting the author’s invention to one of these grades. 
All that can be said is that in the case of vacua not very 
high gas ionisation phenomena make their appearance and 
make conditions, irregularities or complications which may 
or may not render that particular instrument useful, but are 
not easy to reproduce identically in other samples. The 
pivot of the whole matter is, however, the application of 
thermionic emission from a heated filament or body to the 
construction of a “ valve ” or non-symmetrical conductor 
of electricity for rectifying high-frequency electric currents 
as used in radiotelegraphy. 

8. A matter of practical utility is the testing of thermionic 
detectors so as to classify them or recognise the effect of 
various modes of manufacture. It is not always possible or 
convenient to do this by actual tests made at a wireless 
‘ station. Hence, at an early stage, the author found it 
desirable to arrange methods for doing this which could be 
carried out in a laboratory within moderate distances. The 
following appliances have been found useful. It makes use 
of electric oscillations created by ordinary electromagnetic 
induction and not by true electric space waves. At some 
convenient place a closed electric circuit is set up consisting 
of a coil of wire, preferably consisting of insulated copper wire, 
forming a few turns round a square frame, L v as in Fig. 47. 
Such a frame is easily made by crossing two strips of w r ood 
about 6 or 8 ft. long and 8 in. w T ide by f in. thick, so as to 
form an equal-armed cross. Round this may be w T ound 
8 or 10 turns of stranded insulated copper wire, say 7/20 
or 7/22 in size. This circuit is placed in series with a con¬ 
denser, C, consisting of one or more Leyden jars and with a 
spark discharger, S. The discharger should be included ir a 
sound-proof iron box and a jet of air should be projected on 
the spark gap. Without this precaution steady oscillations 
cannot be obtained. To obtain the best results, however, 
the discharger should be a quenched spark discharger, 
preferably the rotating flat steel disks in oil as constructed 
by the author. 1 

1 See J. A. Fleming, The Principles of Electric Wave Telegraphy 
and Telephony,- chap vii., 3rd Edition, p. 690; also J. A. Fleming, 
British Patent Specification No. 23,242 of 1910. 
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In this latter case the primary circuit in which the spark 
gap is placed must be in contiguity to another closed oscilla¬ 
tion circuit comprising a 
similar and equal coil of 
wire and condenser tuned 
to the spark gap circuit. 
The quenched discharges 
in the latter circuit will 
then give rise to trains of 
feebly damped oscilla¬ 
tions in the adjacent 
circuit of great uniform¬ 
ity. The mean square 
value of the current in 
this oscillatory circuit 
can be determined by a 
hot-wire or thermoelec¬ 
tric ammeter inserted in 
it, or in a circuit M 
inductively coupled to it, 
and it will be found that 
if the above arrange¬ 
ments are adopted, the 
mean square value of the 
discharge current in the 
oscillatory circuit can be 
kept extremely constant 
for hours together. Sig¬ 
nals can also be auto¬ 
matically sent by interrupting the primary circuit of the 
transformer or induction coil by a key operated by a 
punched tape. In this manner a succession of Morse signals 
may be sent, or long and short signals of any kind, for the 
purpose of testing the transmission of any particular words 
or letters. If the spark chamber is made of thick cast-iron 
the apparatus will be nearly noiseless, and may therefore be 
set up in a laboratory without disturbing other workers, 
which is not the case when an open oscillatory spark is 
employed. At a distance, say, of 50 to 150 ft. or more 
another square circuit may be set up consisting of a similar 
square coil of insulated wire L 2 (see Pig. 48) and a condenser 
C*, which is preferably a condenser of variable capacity for 
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Fig. 47. —Scheme of Connections of 
Primary Oscillation Circuit in 
the Author’s Valve - Testing 
Arrangement. 

I, Induction Coil. S, Spark Gap with 
Air Blast. C, Condenser. L, Primary 
Circuit. 
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tuning purposes. A convenient form is one consisting of 
fixed semicircular plates and a number of movable 
semicircular plates fixed on a shaft, which can be 
rotated, so as to bring the second set of plates more or less in 
between the first set, the vessel being filled with a highly 
insulating oil. Two of such closed oscillatory circuits can 
be set up at a distance, say, of 50, 100 or 200 ft. within a 
large building, and even the interposition of brick walls makes 
no difference, provided they do not contain metal girders. 

To test, then, a radiotelegraphic detector of any kind it 
is necessary to be certain that the detector per se , when 
unconnected to the oscillatory receiving circuit, is not 
directly affected by the spark at the distance at which the 
sending and receiving circuits are set up ; but this can 
easily be done, and then 
any particular type of 
oscillation detector, D 
‘(see Fig. 48), whether 
of the current actuated 
type or the potential 
actuated type, can be 
tested as to sensibility by 
inserting it either in 
series with the condenser 
of the receiving circuit or 
in parallel with the con¬ 
denser of the receiving 
circuit. The detector D 
is associated with a tele¬ 
phone T and a battery B 
shunted by resistance B 
as usual. The use of the 
closed circuits has this 
great advantage, that 

being directive radiators and absorbers it is possible, by 
a displacement of the planes of the magnetic oscillators 
with reference to one another, to obtain a quantitative 
measure of the sensibility of any given oscillation detector. 
Thus, for instance, it is generally possible, but not always, 
to find a position for the closed circuit of the receiver, 
such that at a certain distance no effect can be detected 
in that receiving circuit by any oscillation detector, however 
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Fig. 48.—Arrangement of Receiv¬ 
ing Circuit for Testing Relative 
Sensitivity of Detectors used in 
Wireless Telegraphy. 

L 2 is the Receiving Coil. D, the 
Detector. T, a Telephone Receiver. 
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sensitive. We may then call this the zero position. 
If the receiving circuit is moved out of the zero position by 
turning it through a certain angle round any axis it will 
begin to be affected by the distant transmitting circuit, and 
a quantitative measure of any oscillation detector can be 
obtained by noting the angle through which the receiving 
circuit must be turned, so that good audible signals may 
just be obtained. Whether the action of the sending on the 
receiving circuit is due to true electromagnetic radiation or 
to ordinary electromagnetic induction seems immaterial. 
The result in either case is that the receiving circuit is the 
seat of feeble electrical oscillations and the oscillation 
detector has to detect these if it can. 

Another method is to maintain the receiving circuit in its 
position of maximum effect, but to upset the tuning of the 
receiving circuit by varying the capacity of the condenser or 
the inductance of the circuit. This varies the mean square 
value of the received current and from the resonance curve 
enables us to get the measure of the current or potential 
difference which the particular oscillation detector under 
test will just not detect. 

It has been found convenient to denote the relative 
telegraphic value of detectors by stating the angle in degrees 
through which the receiving coil has to be rotated from the 
zero position that good audible signals can be obtained on 
the telephone. If a note is made of the value in amperes 
or milliamperes of the current in the closed transmitting 
circuit, this can always be recovered, and if the spark length 
and spark frequency are the same, we can always be sure 
that the sending circuit is in a constant and similar condition 
when comparative tests are made. 

The closed receiving coil is conveniently made by winding 
silk-covered copper wire, No. 16 S.W.G., on a square 
mahogany frame, which can be revolved on pivots carried 
on a baseboard which can itself be set at any required angle 
(see Fig. 49). A divided circle and pointer attached to the 
frame serve to show the angle through which the frame is 
rotated. In general appearance it resembles an instrument 
used in physical laboratories under the name of an earth 
inductor, for obtaining small induced currents by means of 
the rotation of a coil in the terrestrial magnetic field. 

If a closed transmitting circuit is set up at a distance, then 
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it is generally possible to find a position for the receiving 
coil such that it will not detect any signals when coupled 
with a condenser and tuned and associated with a highly 
sensitive receiver. On turning the coil through a certain 
angle the signals will be heard. If a very sensitive oscillation 
detector is employed, then there may be no position of 
absolutely null reception, but there will be a position of 
minimum reception. Thus, for instance, in a certain case, 
with a coil used at the Pender Electrical Laboratory, some 
Fleming oscillation valves of a new type were found to be so 
sensitive to oscillations that no position in which the receiving 



Fig. 49.—Photograph showing details of construction of the Tilting 
Receiving Coil, 

circuit could be placed was so completely a position of zero 
mutual induction that these valves, when used with a 
telephone, gave no signals from a tuned transmitter. Such 
valves were called zero valves. Others, on the contrary, 
could not detect signals until the coil had been turned 
through 5°, 10° or 20° from the zero or minimum position. 
A magnetic detector inserted in series with the coil could 
not detect the signals from the transmitter until the coil was 
turned through 15°. An electrolytic detector of a particular 
make required a rotation of 40°, and a carborundum detector 
required 45° rotation of the coil to give audible signals on the 
telephone. These measurements are not given as absolute 
and final measurements of the relative sensibility of all 
magnetic, electrolytic or crystal detectors, but merely as 
examples of the ease with which the sensibility of these 
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special samples of receivers could be tested for order of 
sensibility. The instrument has proved of great use in 
connection with improvements in thermionic detectors. 1 

9. This chapter may be concluded with a few notes on 
the making of high vacua, especially with reference to 
the manufacture of oscillation valves. In all this work the 
great difficulty and desideratum is to remove the adherent 
films of air and occluded air or gases from the inside of the 
bulb and the objects which are sealed therein. The mere 
exhaustion of the bulb by some form of mercury pump is 
quite insufficient, when taken alone, to produce the vacuum 
which will stay constant when the cathode or filament is 
heated. For this purpose prolonged heating of the bulb 
and its contents to a temperature of 500° or, better, 700° C. 
is necessary. If this temperature is sufficient to soften 
the glass and collapse the bulb under the external atmo¬ 
spheric pressure, then the bulb must be enclosed in a 
vacuum furnace, in which the requisite temperature is 
produced by electric-resistance heating. Such a furnace 
may be constructed with a cast-iron cylinder closed at 
the bottom and flanged at the top, with a cast-iron lid 
planed on one side to fit airtight, with a red-lead joint on 
the cylinder flange. This cylinder should be lined with a 
silica or alundum tube. In the interior must be fixed 
heating spirals or loops or nichrome wire, the ends of this 
wire being brought out airtight through red-lead and 
asbestos-packed glands in the lid. The lid has also a 
gland through which passes, airtight, the glass tube leading 
to the bulb to be exhausted. The cylinder should be well 
lagged with heat-insulating material, such as slag wool. 
By passing a suitable electric current through the nichrome 
wire it can be raised to a red heat and will soon bring any 
object in the cylinder to 700° C. This furnace is kept 
exhausted by some form of rapid mechanical vacuum 
pump, such as a “ Geryk ” pump, made by the Pulsometer 
Engineering Company of Beading, England. This vacuum 
need not be very high. It is simply intended to remove 
the greater part of the air pressure from the outside of the 
heated glass bulb. 

1 See J. A. Fleming and G. B. Dyke, “ A Note on the Production of 
Steady Oscillations in Closed Circuits and on Methods of Testing 
Radiotelegraphic Receivers,” Phil. Mag., May, 1909 ; also Proc . 
Phys. Soc. Lond., vol. xxi., p. 057. 
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The exhaustion of the bulb must be conducted in two 
stages. The removal of the chief part of the air from 
the bulb can be rapidly conducted by a high vacuum 
mechanical pump, such as is made by the Pulsometer 
Engineering Company. This will reduce the pressure to 
about 0-001 mm. The remaining exhaustion can be con¬ 
ducted by some form of rotary mechanical pump, such as a 
“ Box ” pump or by a Gaede pump. This latter pump is not a 
piston or valve pump, and will remove vapours as well as 




Fig. 50.—Sections of a Gaede Molecutar Pump. 

gases. As it is a German invention and not obtainable in 
Allied countiies since the war, a few notes on its construction 
are given here. The reader may be referred for fuller informa¬ 
tion to the description of it by its inventor, W. Gaede, in the 
Annalen der Physik, vol. xli., p. 337, 1913, or to his United 
States Patent, No. 1,069,40S, August 5th, 1913. 

The principle of the pump can be understood from the 
diagram in Fig. 50. A cylindrical mass of metal, A, revolves 
in a closed chamber, the axle passing airtight through 
bearings. Let a small partition project from the casing 
and nearly touch the cylinder. Then, if the latter revolves 
quickly, it will carry air with it, owing to the viscosity of 
the air and the adhesion of the air to the cylinder and to 
adjacent layers of air. Hence, if two openings, m and n, are 
made, one either side of the partition leading to two chambers, 
the air in one will be slightly rarefied and in the other 
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slightly compressed. Then let another such pump be 
joined to the first, so that the exhaust side of one pump is 
connected to the compression side of the other, and we 
shall add the pressure difference. By forming a number of 
grooves in a metal barrel and letting projections from the 
fixed casing descend into these grooves and cross-connecting 
the spaces of reduced and increased pressure for such 
element, we construct wbat is, in fact, a chain or cascade 
of pumps, each making a slight decrease, step by step, 
in the pressure gradient. In this manner we can reduce 
the air pressure in a vessel indefinitely if connected to the 
last or least pressure channel in the above pump. Instead 
of stepping down from atmospheric pressure it is more 
convenient to use a good piston pump to evacuate the 
bulk of the air, and then reduce by the Gaede pump the 
pressure to the required limit. 

It is necessary to insert between the object to be exhausted 
and the Gaede pump a liquid-air trap to condense all 
vapours. Also drying tubes of phosphoric pentoxide must 
be inserted in the circuit to prevent any water vapour 
finding its way back. By long-continued heating and 
pumping with the Gaede pump it is possible to reduce the 
air pressure in the bulb to be exhausted to 10~ 6 or even 
10~ 8 of a millimetre of mercury. 

There is, however, always some uncertainty about these 
measurements of small air pressure. The only thing a 
vacuum gauge of any kind can measure is the pressure in 
itself at the moment of reading. The flow of air along 
tubes of glass connecting the pump and the bulb to be 
exhausted and the vacuum gauge is very slow at reduced 
pressures, and what is required is a low pressure in the 
vessel being exhausted and not merely a low pressure in 
the gauge. 

The McLeod low-pressure gauge is very commonly 
employed for this purpose. It consists of a glass bulb, B 
(see Fig. 51), which terminates in a narrow tube, D , closed 
at the top. The bottom of the bulb has a tube attached 
to it with a flexible tube leading to a mercury reservoir, B, 
which can be raised or lowered. Just below the bulb a 
side tube, S, branches off and passes up above the bulb 
leading to the vessel to be exhausted. When the mer¬ 
cury reservoir is raised the mercury rises and cuts off 

94 


Radiotelegraphy and Telephony 

connection with the side branch and finally com¬ 
presses all the rarefied air in the bulb, B, up into the 
narrow^ tube, D. The in¬ 
strument maker furnishes 
the ratio of volume of the 
bulb to that of 1 cm. or 
1 mm. of length of the 
closed tube leading from 
the top. When the volume 
of rarefied air in the bulb 
is compressed its pressure is 
thereby increased inversely 
as the reduction in volume. 

At the same time the mer¬ 
cury rises in the side tube 
winch is in connection with 
the vessel being exhausted. 

Hence,we can see at a glance 
the difference in level of the 
mercury in the side tube and 
in the tube into which the 
air in the bulb has been 
compressed. Since we can 
observe the reduction in 
volume of this air we know r its increase in pressure. Suppose, 
for instance, that the residual air in the bulb is reduced 
to joJoo part of its original volume, and that the difference 
in its resulting pressure and that in the side tube is 20 mm. 
Then the air in the vessel being exhausted has been reduced 
to ^ of 20 mm., or to 0-002 mm. pressure. 

Dr. Langmuir has designed a very ingenious low-pressure 
gauge depending upon the reduction of gas viscosity when 
the pressure is reduced below a certain limiting value (see 
Physical Review , April, 1918, p. 837 ; see also United States 
Patent Specification, No. 1,126,233, of March 8th, 1913). 
Inside a glass vessel is pivoted a thin aluminium disk fixed on 
a steel or tungsten shaft. The disk has-a magnet fixed to it. 
The vessel is placed in the interior of a closed iron ring 
wnund with coils like a Gramme ring (see Fig. 52). This ring 
is supplied with current at six points and by a commutator 
rotated by a motor the current is supplied to the coils in 
succession, so as to create in the interior of the ring a 
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Fig. 51.—The McLeod Pressure 
Gauge. 
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rotating magnetic field. The aluminium disk is thereby 
caused to rotate rapidly. Above this disk is suspended 
by a quartz fibre a mica disk, and the viscosity of the air 
causes the rotating aluminium disk to carry the mica 
disk along with it as far as the elasticity of the fibre allows. 
This mica disk has a mirror attached to it, so that by the 
displacement of a ray of light reflected from the mirror we 
can measure the angular displacement of the mica disk. 
When the air pressure is much reduced, say below 0-01 mm., 
the drag on the mica disk begins to be reduced, and below 



Fig. 52. —Irving Langmuir High-Vacuum Pressure Gauge, depending 
upon reduction in gas viscosity. 


that pressure the drag falls off almost proportionately 
with the pressure. Hence the arrangement can be graduated 
as a low-pressure gauge by noting the angular displacement 
of the mica disk when the aluminium disk is rotating at a 
known constant high speed, say, 10,000 E.P.M. A form 
of gauge for measuring vacua below 10 -8 m.m. of mercury, 
called an “ ionisation manometer,” has been proposed by 
O. E. Bucklev. The vacuum is measured by the number 
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of positive ions produced by the thermionic emission from 
an incandescent filament in a fixed time. 

In a recent paper on the production and measurement of 
high vacua (see Physical Renew, July, 1918) J. E. Shrader 
and B. 6. Sherwood, of the Westinghouse Besearch 
Laboratory, U.S.A., describe a form of absolute manometer 
which was more fully described by Professor Martin Knudsen, 
of Copenhagen, in 1910 (*ee Annalen der Phijsik, vol. xxxii, 
p. 809,1910). 

This.gauge consists of a strip of platinum or tungsten 
which can be heated by an electric current. In front of 
this strip and about 1 mm. from it is suspended by a torsion 
wire a flat strip of metal foil, having a mirror attached to it. 
When the strip of platinum is heated it repels the suspended 
foil by radiometer action and this repulsion can be measured 
in absolute units by simple and known means. The 
repulsion depends upon the gas pressure and upon the 
absolute temperatures T x and T 2 of the strip and the foil. 

If P is the gas pressure in dynes per sq. cm. and K is 
the repulsion in dynes, then Knudsen showed that 


P = 


2 K 


VP-' 


This formula does not hold good for pressures above 
0*008 mm. of mercury, but it enables an absolute manometer 
to be constructed for low pressures. For details the reader 
is referred to an article in Engineering for December 18th, 
1918, p. 686. 

No reference to the subject of high vacua would be satis¬ 
factory without at least a mention of the beautiful process 
invented by Sir James Dewar for creating a high vacuum by 
the aid of charcoal cooled in liquid air. 

It has been known for a long period of time that charcoal 
has unique power of absorbing gases and vapours. Pro 
fessors Tait and Dewar in 1874-5 were the first to recognise 
and take advantage of this property to make a vacuum by 
heating charcoal and then allowing it to absorb the residual 
gas in a bulb. 1 Crushed charcoal presents an enormous 
surface for absorption. A cubic inch of charcoal cut into 

1 See a paper by these authors in the Proceedings of the Royal Society 
of Edinburgh , 1875, vol. viii., p. 348 ; also Nature , 1875, vol. xii., p. 217 

On a New Method of Obtaining very Perfect Vacua.” 
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small cubes with edges ^5 of an in. in size would offer a 
surface of about 78 ft. for absorption. 

In the course of his investigations on liquid air Sir James 
Dewar discovered that this absorptive power of charcoal 
for gases is enormously increased if the charcoal is cooled in 
liquid air. The most effective charcoal for this purpose is 
that made by carbonising fragments of cocoanut shell, which 
is heated in a closed vessel, at first slowly and then to 
gradually increasing temperatures. At the temperature of 
liquid air (= — 185°C.) such carbon absorbs 10 to 12 times 
the volume of nitrogen or oxygen that it will do at normal 
temperature. One gramme of cocoanut charcoal prepared 
as above will absorb at —185° C. about 850 to 400 cubic 
centimetres of air. 

The process therefore of making a high vacuum by this 
charcoal method is as follows : Cocoanut charcoal is crushed 
into granules about the size of small shot, and a certain bulk 
of this, depending on the size of the vessel to be exhausted, 
is sealed up in a glass bulb, which is connected by a T-joint 
with the vessel to be exhausted and with a mechanical pump 
which will make a vacuum of at least 0*001 mm. During 
this first exhaustion the vessel to be exhausted and all its 
contents should be heated to a high temperature and the 
charcoal also heated. This being done the side tube leading 
to the pump is sealed off, but leaving the charcoal bulb in 
connection with the nearly exhausted vessel. When all is 
cool the charcoal bulb is immersed in liquid air and left 
there for about an hour. The cooled charcoal will remove 
the residual gases and greatly increase the vacuum. 

The arrangements necessary for this exhaustion are shown 
in Fig. 58, which is taken with slight modification from Sir 
James Dewar’s British Patent Specification, No. 18,688, 
of June 16th, 1904, for this invention . 1 

Sir James Dewar has applied this process also to the 
separation of the rarer constituents of the air—viz., neon, 
helium, krypton, etc.—from the more abundant oxygen 
and nitrogen. Charcoal exercises a selective absorption, 
and when normal air is passed over charcoal cooled to 

1 This British patent, which would in ordinary course have expired 
in 1918, has recently been granted extension for five years. The 
United States equivalent patents are No. 815,942, dated March 27th, 
1906, and No. 879,129, dated Februarv 11th, 1908. 
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—185° G. the portions not absorbed are richer in these rarer 
gases because they are less absorbed than oxygen and 
nitrogen. Hence, by repeating the process, the neon, helium 
and krypton may be obtained in a concentrated form and 
free from excessive dilution by oxygen and nitrogen. 

Whenever a liquid air plant is available this charcoal 
vacuum process is much the most convenient way of 
obtaining a very high vacuum. Using a tube containing 
only 1 gram of charcoal connected to a vessel of 800 c.c. 

capacity and making a pre¬ 
liminary vacuum of 1 to 
2 mm. in the vessel and 
then cooling the charcoal to 
—185° C. the pressure in the 
vessel was reduced to 
0-00005 mm. in one hour. 1 

A high vacuum mercury 
pump has been invented 
by Dr. Irving Langmuir 
which operates on the prin¬ 
ciple of the steam injector. 2 
If a stream of gas or liquid 
issues from a jet the air in 
its neighbourhood partakes 
of its motion to some ex¬ 
tent, and in accordance 
with the principle that 
where velocity is greatest 
pressure is least the air 
pressure in the vicinity of 
the jet is reduced. This 
has been applied in the 
construction of a vacuum 
pump as follows: 

A vessel of glass or 
iron, A (see Fig. 54), contains mercury, which is made to 
boil by a source of heat. The mercury vapour rushes 
up the tube, B, and issues from a jet, P, wluch is placed just 

1 See Prof. H. E. Armstrong, “ Low Temperature Research at the 
Royal Institution, 1900-1907,” Proc. Royal Institution , vol. xix., Part I., 
p. 362, 1911, Hodgkin’s Trust Essay. 

2 See Irving Langmuir, “ On a High Vacuum Mercury Pump of 
Extreme Speed,” Physical Review , 1916, vol. viii., Seriei II., p. 48. 
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Fig. 53. —Sir James Dewar’s method 
of making a High Vacuum by the 
Absorption effected by Charcoal 
* cooled in Liquid Air. 
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within another tube, H, having an enlargement like a paraffin 
lamp chimney. Around the tube,B, there is a second enclosure, 
E, which communicates by a tube, F , with a trap, G, and 
with the vessel, V, to be exhausted. The tube, H, with 
bulbous enlargement, is surrounded by a water jacket, .7, to 
keep it cool, and the tube, C, terminates in a pear-shaped 
condenser, D , which is in communication by a tube, N, 
with some form of mechanical pump, making a low vacuum. 

The mercury in A therefore boils under reduced pressure. 
When the mercury vapour rushes out of the jet, P, it sucks 
air from the space, E, and carries it up into the condenser, D , 
where it is removed by the mechanical pump. The mercury 
vapour condenses in H and D and falls back into the boiler 
A . Hence, there is a con¬ 
tinual aspiration of air 
from the space, E , and 
from the vessel, F, being 
exhausted. If a good 
mechanical pump is em¬ 
ployed to keep a fairly 
good vacuum of about 
•001 or *002 mm. in the 
mercury pump the latter 
will soon produce a very 
high vacuum in the vessel 
to be exhausted. The 
whole of the mercury 
pump is best made of 
iron, the parts being made 
to screw together. The 
General Electric Com¬ 
pany of America have 
made a number of these 
pumps, and they are in 
extensive use at various 
factories for lamp and 
valve exhaustion. 

Various modifications of this boiling mercury pump are in 
use in lamp factories for valve manufacture. 

The Cosmos Lamp Works, Ltd., of Ponders End, Middle¬ 
sex, England, make a simple form of mercury pump of steel. 
It consists of a steel flask, F, of thin welded sheet steel, which 
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has an exit pipe at the top and a side tube, N, entering it 
about one-third of the way up (see Fig. 55). The top tube is 
connected to a mechanical pump making a vacuum of about 
0*002 mm., but between the mechanical pump and the 


To valve being exhausted. 



To mechanical 
rotary air 
pump. 


Fto. 55.—Cosmos High-Yacuum Boiling Mercury Pump. 

mercury pump must be inserted some trap, (7, for stopping 
the passage of mercury vapour. This may consist of a long 
tube kept cold and filled with copper turnings. 

The steel flask has about 1 lb. of mercury put in it, and 
this is caused to boil by a lamp, B . The mercury boiling 
under reduced pressure rises in the form of mercury vapour 
and carries with it air molecules entering by the side tube 
from the vessel to be exhausted. The mercury vapour 
condenses in the cold upper part of the flask and falls back 
again. Hence, there is no loss of mercury. Between the 
side tube and the vessel to be exhausted a trap vessel, T, 
placed in liquid air, F, must be inserted to prevent any 
diffusion of mercury vapour into the vessel being exhausted. 
The connections are shown in Fig. 55. 
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CHAPTER III. 


The Three-Electrode Valve. 

1. An improvement on the hot and single cold electrode 
oscillation valve described in the previous chapter was 
effected by the introduction of a second cold electrode 
in the form of a grid, wire zig-zag or perforated plate placed 
in between the hot cathode and cold electrode of the Fleming 
valve. 

This modification enabled the appliance to be used not 
merely to rectify electric oscillations, but to relay or repeat 
them on a magnified scale, so that when employed with a 
telephone, as below described, a considerable increase 
in oscillation-detecting power ensued. Also it made it 
possible to use the instrument as a telegraphic relay of a 
certain kind. The credit for this structural improvement 
must be given to Dr. Lee de Forest, who arrived at it by a 
series of steps presently to be mentioned. 

Underrating, however, the author’s previous work in 
the invention of the two-electrode valve, he took the view 
that his improvement constituted a new invention originating 
entirely with himself, independent of everything that had 
been done before, and radically different in operation from 
the Fleming valve. 

Hence he availed himself of many opportunities for 
disparaging the author’s prior work, incorrectly repre¬ 
senting the two-electrode oscillation valve as a comparatively 
useless laboratory device appropriated from Mr. Edison, 
or else “ taken from the early German scientists by Professor 
Fleming.” 1 

1 See letter of L. de Forest in The Electrician , vol. lxi., p. 804, Sep¬ 
tember 4th, 1908. A prolonged controversy took place on this subject. 
See de Forest’s letters in The Electrician , vol. lviii., p. 425, December 
28th, 1906 ; vol. lxi., p. 804, September 4th, 1908 ; vol. lxi., p. 1006, 
October 9th, 1908 ; and vol. lxxii., p. 659, January 23rd, 1914. Also 
the author’s replies in The Electrician , vol. lviii., p. 263, November 30th, 
1906 ; vol. lviii., p. 464, January 4th, 1907 ; vol. lxi., p. 843, Sep¬ 
tember 11th, 1908 ; vol. lxxii., p. 377, December 5th, 1913 ; vol. lxxii., 
p. 660, January 23rd, 1914. 
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The judgment of Judge Mayer and the confirmatory 
unanimous judgment of the Court of Appeals in the action- 
at-law already mentioned in Chapter II. have cleared away 
these misconceptions and shown that his improvements 
are of the nature of modifications of the original invention 
of the oscillation valve, but involve the same physical 
principles, and cannot be exercised in the United States of 
America in commercial manufacture without infringing 
certain claims in the author’s fundamental valve patent as 
long as it remains in force. 

The stages by which de Forest reached this modification, 
or improvement, were as follows : In or before 1904 he was 
engaged in researches on the production of some new 
detector devices he called “ oscillation responsive devices,” 
in which two electrodes were immersed in the flame of a 
Bunsen burner and connected respectively to the earth 
and to a receiving aerial. They were also joined by a 
circuit containing a battery and a telephone. The idea 
seems to have been that the oscillations in the aerial would 
put the “ gaseous medium”—i.e., the flame, “ into a con¬ 
dition of molecular activity,” and that it would then 
become a conductor and pass the current from the battery 
through the telephone in series with it and thus produce 
a sound. 

He applied, on February 2nd, 1905, for a United States 
patent for these devices, the specification having been 
actually signed by him on November 4th, 1904, a few r days 
before the application of the author for the British valve 
patent, No. 24,850, of 1904, and some w r eeks before the 
application for the corresponding United States patent, 
No. 808,684. 

In this specification, No. 979,275, of 1905, Lee de Forest 
included amongst his Bunsen burner oscillation responsive 
devices one consisting of a bulb filled with air or gas, in 
which were two electrodes intended to be heated by a 
dynamo, but as the electrodes are show r n in the diagram 
connected by a telephone, it is not at all clear how they 
could carry a heating current from the dynamo (see p. 106, 
Fig. 56a). The specification contains forty-one claims and 
abounds in such vague phrases as “ a sensitive constantly 
receptive oscillation responsive device comprising in its 
construction a sensitive conducting gaseous medium.” The 
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various items in this United States patent of de Forest, No. 
979,275, were subsequently divided into separate applications 
and formed the subject-matter of three subsidiary specifica- 
tions—viz., No. 867,876, application of April 4th, 1906 ; 
No. 867,877, application of June 12th, 1907 ; No. 867,878, 
application of June 12th, 1907. 

It is not at all certain that any of these devices were 
ever put into practical operation, but, nevertheless, their 
patentee referred to this United States patent. No. 979,275, 
some ten years afterwards as his “ basic American patent.” 1 

When, however, in 1916, the question of its real value 
came to be discussed impartially in a Court of Law, Judge 
Mayer, who tried the case, in giving judgment on 
September 20th, 1916, in the action brought by the Marconi 
Wireless Telegraph Company of America against de Forest 
Badio Telephone and Telegraph Company, after a prolonged 
legal contest on the Fleming and de Forest patents, said : 
“ This burner detector of de Forest has never been com¬ 
mercially used and thus has not made any impression on 
the art. A mere inspection of the device in operation will 
show that this flickering flame is impracticable. The most 
that can be said for it is that it may contain the germ of 
an idea which in this rapidly-progressing art may hereafter 
be utilised in some way. Whilst, therefore, it is not necessary 
to declare this patent and its three subsidiaries invalid, 
it may be eliminated from this case for all practical purposes.” 

Soon after the date of application for the Bunsen burner 
patent de Forest had brought to his notice the paper 
published by the author in the Proceedings of the Boycd 
Society of London issue of March 16th, 1905, which had 
been read to the Society on February 9th of that year 
entitled, “ On the Conversion of Electric Oscillations into 
Continuous Currents by means of a Vacuum Valve.” 

It is clear from subsequent events that this paper was 
the means of starting trains of thought in his mind which 
had certainly not been there before its perusal. He must 
then have become strongly impressed with the idea that 
what was required was not “ a gaseous medium in a state of 
molecular activity,” but some means of rectifying, as the 

1 See a letter by Dr. Lee de Forest to The Electrician (London), 
on January 23rd, 1914, vol. Ixxii., p. 659 ; and reply by J. A. Fleming, 
ibid ., p. 660. 
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author had showm, the trains of electric oscillations into 
unidirectional currents to make them affect a telephone or 
other instrument. Accordingly, in his next U.S. patent 
application, No. 823,402, filed December 9th, 1905, covering 
inventions in racliotelegraphy, we find he made use of the 
Fleming valve, and gave also a reference to its published 
description in the Proceedings of the Boyal Society, March 16th, 
1905. 

Very ingeniously, however, he couples with this valve, 
and as equivalent to it, one of his Bunsen burner detectors, 
the flame of which is rendered more conducting by sodium 
or other salts, and this flame is now described as having 
a non-symmetrieal conductivity. He states that positive 
electricity passes more readily in one direction in the flame 
than in the opposite. 

The Bunsen burner had thus been transmitted into a 
rectifier of oscillations, and is described as a “ valve ” in 
this de Forest specification. His next step was to apply, 
on January 18th, 1906, for a United States patent, No. 
824,637, for an oscillation-responsive device “ of great 
simplicity and sensitiveness.” In this specification great 
cleverness is shown in the treatment by w hich the oscillation 
responsive device, shown in his Bunsen burner patent, 
No. 979,275 (Fig. 6) and its subsidiary or divided application, 
No. 867,876, of April 4th, 1906, is gradually transformed 
into an identity with the author's oscillation valve, but 
disguised by the use of pseudo-scientific language, so as to 
appear to be something quite novel. 

The glass bulb is described as a “ receptacle,” and the 
more or less perfect vacuum is a 41 gaseous medium,” which 
is to be put into a condition of “ molecular activity,” 
“ highly sensitive to electrical oscillations,” when an 
electric current is employed “ to heat two highlv-resistant 
electrodes.” 

Diagrams are then given in this specification in which 
there is, as it w r ere, a s1ow t evolutionary transformation from 
the sterile oscillation-responsive device of specification 
No. 979,275 (Fig. 6) to a nearly complete identity with the 
author's previously described valve detector. The diagrams 
a, b, c, d , in Fig. 56 are taken from de Forest’s U.S. specifica¬ 
tions, and show how ingeniously this metamorphosis was 
managed. The series, in fact, reminds us forciblv of tbe 
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Fig. 56 (a). Fig. 56 (b). Fig. 56 (c) Fig. 56 (d1. 

Fig. 6, U.S. Patent Fig. 5, U.S. Patent Fig. 1, U.S. Patent Fig. 3, U.S. Patent 

No. 979,275 No. 824,637 No. 824,637 'No. 824,637 s 

Nov. 4th, 1904 Jan. 18th, 1906 Jan. 18th, 1906. Jan. 18th, 1906. 

» 

Fig. 56.—Diagrams taken from U.S. Patent Specifications of Lee de Forest. 
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illustrations in books on geology, showing the gradual 
evolution of present-day forms of animal life from ancient 
prehistoric types now extinct. 

In the above specification it was stated that heating the 
electrodes is not even necessary, and that the gas may 
be “ rendered sensitive to electrical oscillations by heating 
or by any other suitable means.” As an example of such 
“ suitable means ” it is sufficient to cover the electrodes 
with “ some radio-active substance such as radium bromid.” 

The next step was to sub-divide this broad specification 
into others covering its separate parts—viz., No. 836,070 
(application of May 19th, 1906), and No. 836,071 (application 
of May 19th 1906). The first of these includes and describes 
identically the same article as a Fleming valve. The 
“ receptacle ” is now “ partially exhausted.” Two electrodes 
are sealed into it. One electrode, E. may be an “ ordinary 
incandescent lamp carbon filament,” the other “ a disk of 
platinum or other material.” The “ gaseous medium ” 
between them is rendered sensitive to electrical oscillations 
by the radiation of heat from the electrode, E , the said 
electrode being heated by a source of energy. 

Influenced by this verbal camouflage, the United States 
Patent Office examiners could hardly help believing that the 
above specification described something entirely new and 
different from the simple Fleming valve for which a United 
States patent had been applied and issued months before, the 
only difference being that in the former specification the valve 
is shown associated with a telephone and boosting battery 
as signal detector, and in the latter with a galvanometer 
or other current-detecting instrument. 

In order to maintain the tradition that the Bunsen burner 
detector was the real parent of all subsequent forms of valve, 
Dr. Lee de Forest continued his course on January 20th, 
1906, by filing an application, No. 824,638, for another 
Bunsen burner patent. In this case electrodes are placed 
in a Bunsen flame. “ These may consist of platinum or 
carbon, or one may be of platinum and the other of carbon.” 
“ When electrical oscillations are developed in the antenna 
by electromagnetic signal waves the passage of such oscilla¬ 
tions through the sensitive gaseous conducting medium 
between the electrodes alters the conductivity thereof and 
thereby alters what may be termed the internal resistance 
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of the flame battery constituted by the electrodes and the 
flame.” There is no proof that any “ sensitive gaseous 
medium ” ever acted in this manner or that a single wireless 
message was ever received by this suggested form of 
“ oscillation-responsive device.” 

In his next patent application the pendulum swings back 
again in the direction of the Fleming valve, and on 
February 14th, 1906, we find de Forest making another 
patent application, No. 887,901, in which-he again declares 
he has “ discovered that if a gaseous medium intervening 
between two separated electrodes be put into a condition of 
molecular activity by heating the same or otherwise putting 
it into a condition of molecular activity, said medium 
becomes highly sensitive to electrical oscillations.” The 
actual instrument figured in the diagrams of this specification 
is, however, an incandescent electric lamp arranged as an 
oscillation valve having a projection on the bulb filled with 
mercury which acts as the cold electrode. Ah electromagnet 
is shown in the diagram placed near the bulb, which is said 
“ will greatly increase the sensitiveness of the detector.” 

This application was followed by another on August 27th, 
1906, No. 841,386, in which an oscillation detector is 
described which is said to have many uses. It comprises 
now “ an evacuated vessel of glass or other suitable material, 
having two separated electrodes, between which intervenes 
the gaseous medium which when sufficiently heated or 
otherwise made highly conducting forms the sensitive 
element of my oscillation detector.” One of these electrodes 
is to be a carbon or tantalum filament and the other a cold 
metal plate or pair of plates. In the diagrams the filament 
is shown connected to a battery through a rheostat and 
outside the lamp the plates are connected with the lamp 
filament terminals through a telephone and a boosting 
battery. In some cases magnets are to be placed outside 
the bulb or coils of wire surrounding it. 

In order carefully to distinguish this oscillation-responsive 
device from the Fleming valve, to which it had unfortunately 
so strong a resemblance, a new name for it was coined. It 
was called an audion. The patentee says this name is to 
include other devices of his invention 44 employing a con¬ 
ducting gaseous medium as the sensitive element.” 

It is curious how de Forest returns again and again in his 
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specification to such meaningless expressions as the 
above. 

2. Having secured, as he no doubt thought, a sound 
position in regal’d to patent priority, Dr. Lee de Forest next 
read a paper to the American Institute of Electrical Engi¬ 
neers, New York, in October, 1906 (see Transactions , 
American Institute of Electrical Engineers , vol. xxv., p. 785, 
1906), entitled “ The Audion : A New Eeceiver for Wireless 
Telegraphy.” The paper was discursive and also remarkable 
for the absence of any correct and proper history of the 
subject. 

The author of it began by giving an account of his Bunsen 
burner experiments as the foundation of all his work and he 
then gives a single reference to a paper by Elster and Geitel, 
published in Wiedemann's Annalen, vol. xvi., 1882, and he 
also gives a diagram taken from one of their subsequent 
papers. The paper of Elster and Geitel which he quotes— 
viz., Wied. Ann., vol. xvi., 1882—contains no reference to 
the diagram he gives of the apparatus, consisting of a glass 
bulb having a wire stretched across it, intended to be heated 
by an electric current, and an insulated metal plate placed 
near it and carried on a wire sealed through the glass (see 
Fig. 19 of Chap. I. of this book). The title of Elster and 
Geitel’s 1882 paper is “ On the Electricity of Flames,” and 
no apparatus is described in this paper such as that de Forest 
depicts. This bulb was not used by Elster and Geitel until 
five years later and is described by them in a paper entitled 
“ On the Ionisation of Gases by Incandescent Bodies,” 
printed in Wiedemann's Annalen for 1887, vol. xxxi., p. 109. 

Moreover, in this 1887 paper, Elster and Geitel only used 
a platinum wire across the bulb, and it was not until two 
years later, in 1889 (see Wied. Annalen, vol. xxxvii., p. 819, 
1889), that they experimented with a carbon filament and 
found that it gave off negative electricity when incandescent. 

It was in December, 1889, that the author sent to the 
Koyal Society of London a paper dealing with the “ Edison 
effect ” in carbon glow lamps and in the electric arc and the 
transference of negative electricity from hot to cold electrodes 
in vacuum bulbs. There is not the slightest reference to this 
work in de Forest’s paper. 

This point is important, as it shows clearly the want of 
care and fairness in collecting information and verifving 
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references. Moreover, cle Forest refers to the author’s prior 
work in connection with the use of a glow lamp having a 
plate sealed into the bulb for rectifying high-frequency 
currents as experiments with an “ Elster and Geitel tube ” 
(see below). He then went on to describe as a new invention 
of his own a detector for wireless telegraphy consisting of a 
glass bulb evacuated of its air having in it a horseshoe¬ 
shaped filament of carbon or tantalum carried on wires 
sealed through the glass and rendered incandescent by the 
current from a battery. On either side of the filament were 
fixed two metal plates he calls “wings” carried on a 
platinum wire sealed through the glass. Outside the lamp 
the two plates were connected with the positive terminal of 

the filament through 
a circuit containing a 
galvanometer, a tele¬ 
phone, and a battery 
of cells having its posi¬ 
tive terminal joined 
to the wings (see Fig. 
57). 

He omitted to men¬ 
tion that this arrange¬ 
ment had already 
been patented by the 
author in Great Britain 
as a radio-telegraphic 
detector. He also gave 
other diagrams of au- 
dions wi th coils of wire 
round the lamp bulb, 
the diagrams being 
taken from his then 
recently filed United 
States Specification, 
No. 841,386. 1 Judging by the discussion which followed, his 
explanations of the action of his “ audion ” were not con¬ 
sidered very satisfactory and objections were raised to his 
newly coined name as a bastard and unsuggestive word. 

1 This patent of de Forest was subsequently held by the United 
States Circuit Court of Appeals to be void. See Appendix for the 
full text of this important judgment. 
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Fia. 57.—Lee de Forest’s Two-Electrode 
Audion of 1906. 
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Broadly speaking, he attributed the operation to the 
ionisation of the residual gas by the incandescent filament, 
but he gave no very clear account of the physical processes 
at work. As regards the fine of thought which led him to 
invent this detector, he stated that it occurred to him that 
the attenuated and ionised gases around an incandescent 
filament would undergo very considerable changes when 
subjected to Hertzian oscillations. He appeared chiefly 
desirous of proving that his audion was not an oscillation 
valve but something very superior to it. He strongly insisted 
that the important novel element was the use of a voltaic 
battery in series with the telephone supplying a boosting 
voltage and that this circuit was connected outside the 
lamp between the “ wing ” plates and the positive terminal 
of the incandescent filament. 

He felt bound, however, to forestall some mention of the 
Fleming valve patented in Great Britain nearly two years 
before, and fully described in the author’s book, Principles 
of Electric Wave Telegraphy, published nearly six months 
before the date when he read his paper* Hence he says, 
loc . cit.: “ I have arrived as yet at no completely satis¬ 
factory theory as to the exact means by which the high 
frequency oscillations affect so markedly the behaviour of 
an ionised gas. Fleming points out that when the cold 
plate of an Elster-Geitel tube is connected to the positive 
end of the filament and the two put in a high-frequency 
oscillation circuit, only the positive half of the oscillation 
can pass from the plate to the filament across the gas. He 
uses this principle to rectify the Hertzian oscillations, and 
applies the unidirectional currents of the oscillations them¬ 
selves to operate a sensitive galvanometer or direct current 
instrument for quantitative measurements over short 
distances. When an independent source of electromotive 
force is applied in the manner I have described the action 
becomes quite different. It then operates as a relay 
to the Hertzian energy instead of merely rectifying this 
energy, so that it can be used directly to give the sense 
signal.” 

When, in the discussion, he was asked point blank by 
Mr. C. D. Ehret to state exactly wherein his audion differed 
from a Fleming valve, he could only repeat the assertion 
that his audion was a relay and the valve only a rectifier, 
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He confidently asserted that the Fleming valve was useless 
in commercial wireless telegraphy. 

He did not know that at that time the author's valve 
had been in practical use in radiotelegraphy in Great 
Britain for nearly eighteen months, and that it had been 
employed with a telephone, as a receiver, just in accordance 
with the diagram in his paper. 

- He was quite wrong in asserting that the form of Fleming 
valve he called an audion was a relay. Later on he did 
succeed in devising a form of valve, to be mentioned 
presently, which does or can act as a relay. 

The instrument he described in this 1906 paper was 
simply a Fleming valve, and it did not operate as a true 
relay. If Dr. de Forest had studied a little more carefully 
the Boyal Society paper of the author published in March, 
1905, he would have seen there a series of characteristic 
curves delineated for one particular valve, showing the 
relation of thermionic current to potential difference of the 
plate and filament. These observations were made by 
inserting a battery in the external circuit joining the plate 
and filament, exactly as he did in his experiments, but 
employing a galvanometer as a current measurer. These 
curves give a full explanation of the action of the valve 
when used with such a boosting voltage and a telephone in 
the valve circuit. They show that for a particular voltage, 
or P.D., the thermionic current rises with great rapidity, 
and hence that when that critical steady auxiliary voltage 
is applied, a small additional voltage, such as is obtained 
by the superposition of an alternating E.M.F. on the steady 
E.M.F., may give rise to a large increase in the thermionic 
current. 

Every electrical student was also aware long before 1906 
that the telephone is sensitive only to change of current , and 
not to steady or unvarying current. Hence when a tele¬ 
phone is used in place of a galvanometer as a signal-recording 
instrument it is an advantage to add such a boosting or 
additional steady E.M.F. in the valve circuit as will bring 
the effective P.D. between filament and plate to that point 
on the characteristic curve at which the thermionic current 
begins to rise rapidly. This, however, is not a true relay action. 

Summing up the criticism with regard to this paper of 
de Forest, we may say that there were three facts which 
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ought in fairness to have been brought to the notice 
of his audience at the time to enable them to judge of the 
novelty of this new receiver described to them. The first 
of these was that an exactly similar instrument—viz., an 
incandescent lamp having a plate or plates sealed into the 
bulb—had been patented, or patents applied for, as a detector 
in wireless telegraphy in Great Britain, the United States 5 
•Germany, Prance, Italy and other countries by J. A. 
Fleming and Marconi’s Wireless Telegraph Company 
months before the date when this paper was read by de 
Forest. Secondly, that it was not new to introduce a boost¬ 
ing or auxiliary voltage into the external or valve circuit ; 
and thirdly, that Senatore Marconi had used such appliances 
supplied to him by the author of this book eighteen months 
before October, 1906, with a telephone as a receiver for 
wireless telegraphy. 

There is no intention of suggesting any want of good 
faith or integrity on the part of Dr. Lee de Forest. He 
was at that date evidently quite sure that he had full right 
to make use of an incandescent electric lamp having a plate 
or plates sealed into the bulb as a detector in wireless 
telegraphy, and he was firmly convinced that his substitution 
of a battery-boosted telephone in place of a galvanometer 
w r as an important invention. Exactly ten years later he 
had these opinions corrected by the judgment of Judge 
Mayer, subsequently upheld by the Court of Appeals. 

3. Shortly after reading this paper de Forest filed another 
application on October 25th, 1906, for a United States 
Patent, No. 841,387, entitled “ Device for Amplifying Feeble 
Electrical Currents,” and in this w r e have the first indication 
of a genuine improvement. 

The principal item in this specification is an incandescent 
lamp having in addition to the carbon or metal loop filament 
two metal plates sealed into the bulb. This in itself was not 
novel, because the author had showm in his Royal Society 
paper .of February, 1905, loc. cit., and in the first edition 
of his book, Principles of Electric Wave Telegraphy, published 
April, 1906 (see Chapter VI.), an oscillation valve with two 
such cold electrode plates. 

Nevertheless, de Forest made a scheme of connections 
outside the valve as follows : 

One of the plates and one terminal (the negative) of the 
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filament in the bulb were connected to the aerial wire 
and earth of the wireless receiving set, whilst the second 
plate was connected with the positive terminal of the 
filament through a telephone and boosting battery. This 
arrangement was stated to work in virtue of the fact that 
the electrostatic attraction of the filament and plate con¬ 
nected to the wireless antenna would draw them together 
and so vary the distance between the filament and the 
second plate and thus alter the current through the telephone. 
It may be doubted very much whether any such attractions 
could be so controlled as to give rise to the required variations 
in the thermionic current flowing to the second plate to 
transmit intelligible signals. Moreover, the thermionic 
current is not sensibly altered by varying slightty the 
distance between a hot and cold electrode. 

This patent specification, however, contained two claims 
(4 and 6) for a detector device for amplifying electric 
currents. The wording of them was as follows : 

Claim 4.—In a device for amplifying electrical currents, 
an evacuated vessel, three electrodes, sealed within said 
vessel, means for heating one of said electrodes, a local 
receiving circuit, including two of said electrodes and 
means for passing the current to be amplified between 
one of the electrodes which is included in the receiving 
circuit and the third electrode. 

Claim 6.—In a device for amplifying electrical currents, 
an evacuated vessel, a heated electrode and two non-heated 
electrodes sealed within said vessel, the non-heated electrodes 
being unequally spaced with respect to said heated electrode, 
a local receiving circuit including said heated electrode 
and that one of the non-heated electrodes which has the 
greater separation from the heated electrode and means 
for passing the current to be amplified between the heated 
electrode and the other non-heated electrode. 

As these claims constituted the first mention of what 
may be called a split cold electrode, the two parts being 
differently connected to the hot electrode, and as this 
formed the basis of a subsequent patent for a three-electrode 
amplifying valve of true relay action, the Marconi Wireless 
Telegraph Company of America, who were the plaintiffs 
in the action against the de Forest Radio Telephone and 
Telegraph Company in 1916, confessed judgment as to 
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the two above claims, 4 and 6, in U.S. Patent No. 841.387, 
whilst the defendants withdrew issue on claim 5 of the 
above patent, which reads as follows : 

Claim 5.—In a device for amplifying electrical currents 
an evacuated vessel enclosing a gaseous medium, means 
other than the received energy for maintaining said gaseous 
medium in a condition of molecular activity, means for 
impressing the current to be amplified upon said gaseous 
medium and a local receiving circuit having its electrodes 
within said vessel. 

On January 29th, 1907, de Forest filed another application 
for a United States patent for an improvement in oscillation 
detectors of the type described in his United States Patents 
Nos. 824,637 and 836,070. These w r e have already seen are 
Fleming valves used with a telephone and boosting battery 
in series connected to the filament and the collecting plate 
or cold electrode. 

The feature of the new specification, No. 879,532, is the 
introduction of a second cold electrode in the form of a grid 
placed between the incandescent filament and the other cold 
electrode plate. The scheme of connections is showm in 
Fig. 58. 

Dr. de Forest gave no explanation in this specification as 
to the mode of action of the arrangement, but he states that 
the effect is to give louder sounds in the telephone used as a 
signal-receiving instrument. He may have been led to try 
this type of thermionic detector by his previous experiments, 
but at any rate the result wras to furnish for the first time a 
modification of the thermionic valve which can act as a 
relay or amplifier under certain conditions. 

The corresponding British patent to the above was applied 
for on January 21st, 1908, and is No. 1,427 of 1908 ; but 
under the Patents and Designs Act of 1907 the date claimed 
for this British patent is January 29th, 1907, being the date 
of application for the equivalent United States patent. 
This British patent of de Forest was, however, allowed to 
lapse in 1911, and is therefore no longer in force. The 
name “ audion ” is now commonly applied in the United 
States of America to this grid and plate or three-electrode 
thermionic detector. In Great Britain it is usually called 
an amplifying valve . 

Discussions and controversies have taken place over the 
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theory of its physical action, and it was the subject of the 
above-mentioned hotly contested patent action in the United 
States in 1916 between Marconi's Wireless Telegraph 
Company of America, as plaintiffs, owners of the United 
States Patent No. 803,684, of April 19th, 1905, issued 
November 7th, 1905, granted to John Ambrose Fleming, 
of London, England ; and de Forest Radio Telephone and 
Telegraph Company and Lee de Forest, as defendants. The 
suit was brought for infringement of claims 1 and 37 in the 
above Fleming patent specification by the defendants. 

The defendants made counter-claims on various claims of 



Fig. 58.— Lee de Forest’s Three-Electrode Audton of 1907. 

D, Gla*s Bulb. F, Filament, nr, Grid, b, Plate. A, Filament 
Battery. B, Plate Battery. T. Telephone. 

ten patents by Lee de Forest. At the opening of the trial 
plaintiffs confessed judgment as to claims 4 and 6 oi United 
States Letters Patent No. 841,387, and defendants withdrew 
from issue claim 5 of the same patent. Plaintiffs also 
confessed judgment as to the claims in issu^ of United States 
Letters Patent No. 879,532, and defendants withdrew United 
States Letters Patent No. 837,901. 

Of the counter-claim there remained in issue certain 
claims of seven patents—viz., Nos. 979,275, 867,876, 867,877, 
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867,878, 824,637, 836,070, 841,886. These have already 
been discussed in this chapter. The first four of these 
concern the Bunsen burner detector and the latter three the 
two-electrode so-called audion or Fleming valve. 

It should be understood that the plaintiffs claimed that 
all the thermionic detectors made or patented by de Forest, 
whether two-electrode or three-electrode, came within the 
scope of the claims 1 and 37 of the Fleming United States 
Letters Patent No. 803,684, which are as follows ; 

Claim 1.—The combination of a vacuous vessel, two 
conductors adjacent but not touching each other in the 
vessel, means for heating one of the conductors, and a 
circuit outside the vessel connecting the tw r o conductors. 

Claim 37.—At a receiving station in a system of wireless 
telegraphy employing electrical oscillations of high frequency 
a detector comprising a vacuous vessel, two conductors 
adjacent but not touching each other in the vessel, means 
for heating one of the conductors, means for detecting a 
continuous current in the circuit, and means for impressing 
upon the circuit the received oscillations. It was the object 
of de Forest and his allies to prove— 

1. That all his detector'devices w ere lineal descendants or 
logical derivatives of his Bunsen burner detector. 

2. That his so-called audion, whether two- or three- 
electrode, acted upon an entirely different principle to the 
Fleming valve. 

3. That, in any case, the Fleming valve w r as only an obvious 
application of Edison’s lamp with metal plate fixed in the 
bulb, or else a mere laboratory experiment, and as such it 
was open to anyone to appropriate and use this apparatus 
in radiotelegraphy. 

After the case had been thoroughly threshed out by 
counsel and many expert witnesses called by both sides, 
judgment w r as given by District Judge Julius M. Mayer on 
September 20th, 1916, wdio heard the case. The full text of 
this judgment is given in the Appendix to this book. Legal 
and scientific experts agreed that, having regard to the 
intricacies of the case and the rather abstruse scientific 
questions involved, it w r as a very masterly judgment, exhibit¬ 
ing great insight into the legal and scientific questions at 
issue and their interpretation. 

The judgment was upheld when earned up to the United 
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States Court of Appeals by the unanimous opinion of three 
Appeal Judges. The full text of this latter opinion is also 
given in the Appendix. 

Analysing briefly these judgments, they amount to a 
decision as follows : 

(1) De Forest was engaged, prior to November 16th, 1904, 
on experiments directed to utilising for a radiotelegraphic 
detector the electrical properties of flames. The root 
idea of his work was that electrical oscillations passed 
through a flame or heated gas would render it a conductor. 
His work in this direction bore no practical fruit. 

(2) Fleming was engaged, about the same time, in trying 
to find a means of rectifying high-frequency oscillations, 
so as to render them detectable by direct current instruments. 
He applied for this purpose the Edison (1883) carbon 
filament lamp with an insulated metal plate sealed into 
the bulb near, but not touching, the incandescent filament. 

This application was patented by him on November 16th, 
1904, in Great Britain, as a detector for wireless telegraphy, 
and the United States Letters Patent corresponding 
to it—viz., No. 803,684—take date from that point of 
time. 

This application of a known appliance was not obvious, 
but was new, useful and meritorious, and was a broad 
patentable invention. It was not anticipated by any 
publications or patents put forward by the defendants, nor 
by any of the de Forest patents. 

(3) On learning of Fleming’s work, de Forest modified 
his ideas and applied for further United States Letters 
Patent, in the specifications of which great ingenuity of 
language was employed, for the purpose of claiming as 
new inventions instruments substantially identical with 
that patented by Fleming, but represented as the outcome 
of his Bunsen burner experiments. His modifications, 
such as the use of a telephone in series with a source of 
steady E.M.F., amounted to nothing more than the employ¬ 
ment of well-known methods available to anyone. 

(4) De Forest did, however, make an improvement of 
value—viz., the three-electrode valve. Nevertheless, this 
is not independent of Fleming’s claims in No. 803,684. 

De Forest’s three-electrode valve does not escape infringe¬ 
ment of Fleming’s claim 37 because the circuit outside 
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the vessel is divided into two branches, nor because Fleming’s 
detector of a continuous current was a galvanometer 
and de Forest’s a telephone long well known as an 
equivalent. 

Hence the final decision was that the claims 1 and 87 
in Fleming’s United States valve patent are valid, and 
were infringed by the defendants in the three-electrode 
valve. The defendants’ counterclaim for breaches of his 
patents was dismissed, except for those patents on which 
judgment had been confessed by the plaintiffs. 

It was thus settled by legal decisions in the United 
States that the invention described and claimed in Dr. 
Lee de Forest’s United States Letters Patent No. 879,582 
is subject to the fundamental United States Patent No. 
808,684 granted to Dr. John Ambrose Fleming, although 
the former has independent validity and merit as an im¬ 
provement on the original valve. The Court of Appeal 
judgment summed up the position in its concluding words, 
as follows : 

“ It is true that Dr. de Forest through the whole fine of 
the counterclaim patents sought after a commercially 
useful detector, and ultimately produced one ; but it is 
not true that he consistently followed one concept or theory 
and tried to reduce that to practice. He began with the 
heated gas theory, and he ended with the three-electrode 
audion employing the commercial vacuum, and before he 
produced that success he learned of Fleming’s invention 
and the latter’s address before the Royal Society. He 
promptly used the knowledge so acquired, and it is the 
endeavour to connect these differing fines of effort and 
conceal their lack of normal connection that has produced 
the theorising of this record, and also the persistent use of 
the word ‘ audion,’ as applied even to the earliest of de 
Forest patents, which are of dates before that word was 
coined. 

“ Among the curiosities of evidence in this record are 
numerous extracts from technical periodicals giving the 
opinions of the authors on the subject-matter of this suit 
One from The Electrician , of November 21st, 1913, is a 
just comment on the cause : ‘ We think that Dr. de Forest 

might be more generous in his acknowledgment of the work 
of Dr. J. A. Fleming. Our readers, generally, will probably 
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agree that the audion, although differing widely from the 
Fleming valve, is an offshoot of it.* ” 1 

4. Returning, then, to matters more completely scientific, 
we may first discuss the physical operations taking place 
in the three-electrode thermionic detector when used as a 
receiver in wireless telegraphy. Remarks made in con¬ 
nection with the two-electrode valve apply also here. If the 
bulb is very highly exhausted the phenomena wholly depend 
upon electronic emission from the heated filament. If, on 
the other hand, the vacuum is not very high, say, not 
more than 0-001 mm. or 0-0001 mm., then secondary 
effects will appear due to the ionisation of the residual 
gas by the ions or electrons projected from the incandescent 
electrode. Considering first the case of an extremely 
high vacuum, we may suppose that the three-electrode 
valve has its plate connected outside the bulb with a circuit 
in which is inserted a telephone in series witR~a primary 
battery of 10 or 12 cells, the negative terminal of the battery 
being in connection with the bulb filament, the latter being 
rendered incandescent by a separate insulated battery of 
suitable voltage. A current of electrons then flows in the 
bulb from the hot filament to the plate, and this is called 
the plate current. It may be a few milliamperes in strength. 
If, then, the grid has a negative charge given to it, this 
will cause it to repel all or some of the electrons moving 
towards the plate, and the plate current wall be diminished 
or perhaps arrested. If, on the other hand, the grid is 
made positive the addition to the electric force in the space 
between the filament and grid will accelerate the electrons 
and the plate current will be increased, provided the E.M.F. 
in the telephone circuit is not too high. 

This change in the grid potential relative to the filament 
will cause a change (decrease or increase) in the plate 
current, and if this change is sudden a sound will be heard 
in a telephone receiver included in the plate circuit by an 
observer. Everything, then, is determined by the form 
of the characteristic curve plotted in terms of difference 
of potential of the filament and grid as abscissae and plate 

1 This quotation in the Appeal Court Judgment is from an editorial 
which appeared in The Electrician of November 21st, 1913, on the 
occasion of publication of a paper by I)r. Lee de Forest, entitled 
“ The Andion-Detector and Amplifier.” See The Electrician , vol. 
lxxii., pp. 274, 285, 1913. 
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thermionic current as ordinates. The potential difference 
may conveniently be reckoned between the grid and the 
negative terminal of the filament. Such a curve is delineated 
in Fig. 59, and we 
see that there is a 
limiting plate cur¬ 
rent which cannot 
be exceeded in any 
case. This current 
is reached when the 
rate of delivery of 
electrons across the 
interspace is equal 
. to the rate at which 
they are generated 
in or ejected from 
the filament, which 
final or saturation 
current is deter¬ 
mined, as we have seen, by the temperature of the filament 
in accordance with Richardson’s formula. 

The physical effects have been carefully investigated by 
Mr. Edwin H. Armstrong and described in a paper in the 
Electrical World of New York for December 12th, 1914, 
entitled, “ Operating Features of the Audion,” also in a 
paper by the same author in the Proceedings of the Institute 
of Radio-Engineers of New York, U.S.A., vol. iii., p. 215, 
September, 1915, entitled, “ The Audion as Detector and 
Amplifier.” 

The plotting of the characteristic curve was conducted 
by the scheme of circuits shown in Fig. 60, where B x is the 
filament-heating battery, B 2 the boosting battery, and 
B 3 a potentiometer battery. P is a potentiometer wire 
with shifting contact, and A is an ammeter for measuring 
the thermionic current. The potentials and current were 
also delineated by an oscillograph. 

The variation of grid potential and plate current are 
approximately as represented in the curve in Fig. 4, which 
shows the maimer in which the plate current varies as the 
grid potential is made + or — to a certain degree. 

The three-electrode valve can be used either as a simple 
rectifier or detector in radiotelegraphic work or as a repeater 
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or amplifier by which variations of one current or potential 
are made to repeat themselves in another current. It is 
also possible to amplify the scale whilst preserving the same 
wave form in the variations. 

In using the valve as a detector one scheme of connections 
due to E. H. Armstrong is as shown in Eig. 61. 

When a train of high-frequency oscillations is impressed 
on the grid it causes corresponding high-frequency variations 
in the continuous current due to the E.M.P. of the battery 
B 2 flowing in the plate circuit. If, however, we fix the 
potential of the grid by the potentiometer slider P so as to be 



near the point M at the lower bend of the characteristic curve 
(see Fig. 59), then the grid has a steady negative potential 
superimposed upon the periodic variations, and this implies 
that in the plate circuit the positive wave amplitude exceeds 
the negative. If the telephone, T (see Fig. 61), is shunted 
by a condenser, C lt to pass this high-frequency current, 
the condenser becomes charged positively on the side 
connected to the battery. P 2 . It then discharges periodically 
through ‘the telephone at a frequency depending on the 
constants of the circuit and gives rise to a sound in the 
telephone which, when regularly repeated, results in a 
musical note. This discharge is in the same direction 
through the telephone as the steady plate current from 
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battery, B 2 > and constitutes an increase in it. The cunents 
in the several circuits were represented by Armstiong 



Fig. 61. —Scheme of Connections for Using the Three-electrode Valve 
as a Simple Oscillation Detector. (E. H. Armstrong.) 

diagramatically as in Fig. 62, and he confirmed the truth of 
this predetermination by oscillograms taken with relatively 
low-frequency oscillations. 

Damped Oscillatious in the aerial. 


Variation of Potential of Grid with respect to filament. 

-^Wl/l/l/l/lr M l\l\l\l\l\r — 

Variation of Plate Current. 

—JMPJW' -— 

*■ f 


Rectified Telephone Current. 



Fig. 62. —Diagram of Current and Potential Variations in Various 
Parts of the Receiving Circuits in Fig. 61. (E. H. Armstrong.) 

If the potential of the grid is adjusted to the upper point, 
N, on the characteristic curve the fundamental action will 
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be the same, but the effect of the high-frequency oscillations 
in the grid circuit on the plate current will be reversed and 
the periodic discharges of the condenser, C x through the 
telephone will be in the direction of a reduction of the 
normal steady plate current through them. 

We may also use the “ valve ” or rectifying action in 
another way. We connect up as shown in Fig. 63. A con¬ 
denser, C 2 , is inserted 
between the grid and 
the receiver circuit, 
(7, L, to prevent the 
passage of a steady 
current. 

When oscillations 
are set up in the 
receiving circuit they 
are rectified in virtue 
of the unilateral 
conductivity of the 
space between the 
filament and the grid 
and the side of the 
condenser, C 2 , at¬ 
tached to the grid 
becomes charged 
negatively and the grid is therefore brought to a negative 
potential. This charge repels or hinders the electron flow 
from the filament to the plate, and hence reduces the 
current through the telephone, thus producing a sound. 
Armstrong gave the conventional diagram in Fig. 64 to 
explain the action and confirmed it by oscillographs taken 
with low-frequency currents. 

It may be observed, however, that it is not good practice 
to insert the telephone directly in the plate circuit. It is 
better to insert one coil of an oscillation transformer in that 
circuit and to connect the telephone to the secondary of 
that circuit. We can then also insert, if need be, a shunted 
condenser in the plate circuit to give a definite natural 
frequency. 

In addition to using the three-electrode valve as a detector, 
in which it acts in virtue of the rectifying or “ valve ” action, 
we can use it as an amplifier or repeater of current variation, 



Fm. 63.-Mode of EmplovingaThree-electrode 
Valve as a Detector in Radiotelegraphy, 
making nse of the Valve Action between 
the Hot and Cold Electrodes and of the 
Amplifying as well as Rectifying Powers. 
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in consequence of the fact that the variation of plate 
current follows exactly those of grid potential. This depends 
essentially upon the form of the characteristic curve. If 
the central portion of that curve is steep or nearly vertical 
this implies that a small variation in the grid potential will 
make a large change in the plate current, and this is generally 
called the amplifying or relay action. 

If i is the thermionic current to the plate and v is the 
potential of the grid, then di/dv is a measure of the rate of 
change of plate current for a small variation of grid potential. 


Incident 


Oscillations. 


~ Potential of Grid with respect to filament. 


Plate Current. 

^Aaaa 


Telephone Current. 



Fig. 64.—E. H. Armstrong’*? Method of Delineating the Variations 
of Grid Potential, Plate, and Telephone Currents in the Detector 
Connections shown in Fig. 63. 


If we express by ( di/dv ) v=Q , this value at the time when the 
grid potential is not raised or lowered by any externa] 
E.M.P., then this last expression gives us a measure of the 
amplifying power for small grid voltage variations. 

In extremely high vacuum bulbs the central part of the 
characteristic curve is nearly a straight line (see Fig. 65) at 
the point of zero potential of the grid, but its slope may be 
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altered considerably by even a very small amount of residual 
gas in the bulb. 

It seems tolerably clear, however, that in three-electrode 
valves as usually made, with not excessively high vacua— 
that is, not exceeding 0-00001 mm. or, perhaps, under 
0*000001 mm.—the amplifying action is to a large extent 



0 -20 -10 0 + /0 Vo/ts 

Grid Potential. 

Fig. 65.—Characteristic Curves of High Vacuum Three-electrode 
Thermionic Valve Detector, called a small Pliotron. 

dependent upon ionisation of the extremely small amount 
of residual gas. This ionisation is due to the bombardment 
of residual gas molecules by the electrons emitted from the 
incandescent cathode. The positive ions so produced 
reduce what has been called by Langmuir the space charge 
of negative ions or electrons. If then a small positive 
potential is applied to the grid the velocity of the electrons 
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is somewhat increased and more gas ionisation takes place. 
A slight amount of ionisation brought about in this way 
very greatly reduces the space charge, and hence increases 
the negative current which can flow from the filament to the 
plate anode under a given external E.M.F., and the amplify¬ 
ing action may be increased over and above that which would 
take place if no residual gas were present. The practical 
difficulty is, then, to manufacture three-electrode valves so 
as to secure identity in behaviour, and this is determined by 
the pressure and nature of the 
very small amount of residual 
gas in the bulb. 


* matters further it will be best 
to refer to the various modes 
of construction adopted in 
such thermionic amplifiers. 

In the construction of these 
detectors we have to consider 
(1) the ease of manufacture 
from the maker’s point of 
view, because a valve of any 
kind is merely a modified in¬ 
candescent electric lamp ; (2) 
freeing the metal plates or 
grids from occluded gases; and 
(8) the production and preser¬ 
vation of a high or constant 
vacuum. 

Lee de Forest made his first 
audions with a flat, narrow 
plate of platinum or other 
metal placed near to a carbon 
or metal filament loop in a 
bulb, and between the plate 
and filament fixed a grid or 
simple zigzag of platinum wire 
(see Fig. 66). This form is com¬ 
paratively easy to construct 



Fig. 66. —Lee de Forest “ Audion ” 
on Three-electrode Thermionic 
Detector. 


because the loop filament, 
whether carbon or metal, can be fitted to a glass tube stem 
down which the wires connected to the ends of the filament 
pass, and the plate and grid can be carried on another similar 
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in the form of a spiral enclosed by and co-axial with the 
cylinder, but not touching it. The filament is a straight 
tungsten wire which passes through the spiral without 
touching. The cylinder, spiral and filament are all carried 
on wire supports which are attached to a glass stem, and 
this is enclosed in the bulb, and four wires which are the 
terminals of the filament and connections to the grid and 
filament pass down the stem to pins /, /, g, p , on the collar. 
The bulb should be made of hard glass, with small beads 
of lead glass sealed in, at the places where platinum wires 
pass through, of the same coefficient of expansion as platinum 
(see Fig. 67). 

The difficulty in connection with these constructions is to 
free the metal plate or cylinder and grid or spiral from 
occluded gases by heating to a sufficiently high temperature 
without softening the glass supports and displacing the 
parts after they have been sealed into the bulb. It can be 
done to some extent by strongly heating the whole apparatus 
whilst exhaustion is going on in a vacuum electric furnace. 
It is much assisted by sending discharges from an induction 
coil between the incandescent filament and the grid and 
plate as the exhaustion of the bulb proceeds. 

A form of construction has been adopted by the General 
Electric Company of America in a three-electrode amplifier 
to which, for reasons which do not seem very forcible, they 
have given the name of a pliotron . 

This instrument is a three-electrode, high vacuum, 
thermionic detector, in which particular attention has been 
given to eliminating all effects due to ionisation of residual 
gas and to produce only those due to a pure electron 
discharge. 

The incandescent electrode consists of a drawn tungsten 
wire, which is held by hooks on a frame so that it cannot 
vibrate or be displaced by electrostatic attraction. The 
grid consists of extremely fine tungsten wire, 0*01 mm. 
diameter, wound on a frame of glass, silica or metal, the 
turns of wire being very close, 100 per cm. or more (see 
G , Fig. 68), The second cold electrode may be either two 
tungsten plates or else a surface formed by winding tungsten 
wire on a second frame. By making the grid of very fine 
wire with close turns the current to the plate can be stopped 
entirely by even a very slight negative potential on the grid. 
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Also by giving such a fine grid a small positive potential the 
plate current can be greatly increased. In other words, by 
making the grid of very fine wires, with fine interspaces, the 
amplifying action is increased, whereas if the grid is of coarse 
wire and with open spaces the magnifying operation is much 
reduced in scale. With properly designed grids it becomes 
possible to control large amounts of energy in the plate 
circuit by very small amounts of energy given to the 
grid. 

In a paper on “ The Pure Electron Discharge and Its 




Fig. 68.—High Vacuum Thermionic Amplifier, called a small Pliotron, 
made by the General Electrie Company of U.S.A. 


Application in Radiotelegraphy and Telephony,” Dr. Irving 
Langmuir has given descriptions of two types of this three- 
electrode amplifier or so-called pliotron, as made by the 
General Electric Company of America. 1 These are called 
respectively the small and the large pliotron (see Figs. 68 
and 69), the former being adapted for use as a radiotele- 


1 See Proceedings of the Institute of Radio Engineers , vol. iii., p. 276, 
September, 1915. 
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graphic receiver and the latter as an amplifier for controlling 
power up to 1 kilowatt of power. 

The same precautions and methods are employed in highly 
exhausting these bulbs as in the case of the kenotrons, or 
two-electrode valves, described in Chapter II., made by 
the General Electric Company 
of America. The vacuum 
obtained must be of the order 
of one hundred-millionth of a 
millimetre, and especial pre¬ 
cautions taken by heating the 
grid, plate and filament to 
expel every trace of occluded 
‘ gas. When these methods are 
followed, instruments are pro¬ 
duced which have identical 
characteristic curves, because 
they depend for operation 
upon pure electron discharge 
and not upon any accident of 
ionisation of residual gas. 

In Fig. 70 is given the 
characteristic curve of such a 
large pliotron, showing the 
plate current in terms of grid 
potential plus or minus . 

Dr. Irving Langmuir states, 
loc. tit., that with considerable 
accuracy the plate or anode 
current i can be expressed by 
the*formula i=A (F a -f&F g )^, 
w'here A is some constant and 
k also a constant depending 
upon the relative shapes and 
positions of the electrodes 
and F a is the voltage on 

the anode or plate and F g the voltage on the grid. 

It was found, however, by Mr. W. C. White that the 
sensitiveness of this pliotron as a radiotelegraphic detector 
is increased by placing in the bulb a small quantity of an 
amalgam of mercury and silver. This gives rise to traces of 
mercury vapour in the bulb and it also creates a kink or 
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Fig. 69. — High Vacuum Ther¬ 
mionic Amplifier, called a large 
Pliotron. 
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sudden bend in the characteristic curve. 1 We have already 
referred in Chapter II., section 3, to this pnenomenon in the 
case of the two-electrode valve and the author’s method °f 
using it to increase the sensitiveness of the detector. 

A three-electrode valve relay has also been described and 
patented by Lieben, Eeisz and Strauss, Austrian electrical 
engineers 2 In this valve they make use of Wehnelt’s 
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Fig. 70. —Part of Characteristic Curve of Large PliotrOn. 


discovery that oxides of heavy earths, such as oxides of 
barium or calcium, when heated, emit electrons freely. 
Their cathode or hot filament is made of a strip of platinum 
covered with a thin layer of lime. This is given the form of 
a zigzag and is fixed at one end of a bulb (see Pig. 71), where 
K is this Wehnelt cathode, consisting of a platinum strip 

1 See United States Patent Specification No, 1,139,307, granted to 
W. C. White. In this patent specification Mr, White describes the 
effect of a small quantity of gas in a high vacuum thermion bulb in 
increasing the anode current. 

2 See British Patent Specification of Lieben, Rcisz, and Strauss, 
No. 1,482 of 1911 ; also No. 2,111 of 1911; also The Electrician , 
vol. lxxii., p. 726 (1914), for article by E. Iteisz, “ A New Method of 
Magnifying Electric Currents.” 
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1 metre long, 1 mm. wide and 0*02 mm. thick. It is wound 
on a glass frame and can be brought to a bright red heat at 
a temperature of 1,000° 0. by passing through it the current 
from a battery of 30 volts. The bulb is slightly contracted 
above the cathode, and a grid, G, is fixed across it, and 
beyond that a twisted wire anode, A . The general appear¬ 
ance of the apparatus is shown in Fig. 72. The bulb is 
mounted on a box which contains all the circuits and con¬ 
nections. The current to be magnified is passed through the 
primary circuit of a transformer. T x (see Fig. 71), the 
secondary terminals of which are connected to the grid, (?, and 
a sliding contact on a potentiometer wire, c, which is placed 
across the ends of a section of the battery. This battery 



Fig. 71.—Lieben-Reisz Thermionic Relay, with Wehnelt Hot-oxide 
Cathode. 

also‘sends a thermionic current from the cathode to the 
anode, and it passes through a transformer, T 2 , from which 
the magnified current is drawn off, and through a resistance, 
R, shunted by a condenser, C. The full voltage operating 
on the last-named circuit is 220 volts. 

It will be seen that the variations of potential produced 
on the grid by the transformation of the feeble current are 
reflected in variations of the thermionic current passing to 
the anode. The fluctuating part of this current is separated 
out from the steady part by the transformer, T t> and the 
condenser, C, shunting the resistance, R, is necessary to 
pass this variation of current. 
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It has been maintained by Eugen Eeisz in a letter to The 
Electrician , vol. lxxiii., p. 588, July 8rd, 1914, that the 
above-described Lieben-Eeisz-Strauss relay operates on a 

principle different from 
that of theaudionof Lee 
de Forest. 

Eeisz traces back the 
origin of the Lieben- 
Eeisz relay to an in¬ 
vention of Eobert von 
Lieben, described in a 
German patent specifica¬ 
tion, No. 179,807, of 
March 4th, 1906, called 
a kathoden strahlen relau 
(cathode ray relay). In 
this a glass evacuated 
tube had a Wehnelt 
oxide-covered c u rv e d 
cathode so arranged as 
to project a cathode 
beam into a Faraday 
cylinder and collect the 
charge and transmit the 
resulting current through 
any external telephone 
or current - detecting 
instrument. This ca¬ 
thode ray could be de¬ 
flected so as not to 
enter the Faraday cylin¬ 
der by an external 
electromagnet, or by 
electrostatic deflecting 
plates placed inside or 

Fig. 72. —Perspective view of Lieben- Outside the vacuum tube. 

Eeisz Thermionic Eelay. The variation of current 

through this magnet was 
then repeated by the variation in the current drawn from 
the Faraday cylinder. There is, however, in this case no 
grid or second anode, and the claim made by E. Eeisz for 
this cathode ray relay as the progenitor of the modern 
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three-electrode valve cannot be admitted, nor is it likely it 
would be sustained by any competent legal authority. 

The inventors of it subsequently abandoned the cathode 
ray tube and constructed a true three-electrode relay as 
above described. The difficulties with early forms of this 
Lieben relay were the result of variations in gas pressure 
and ionisation giving rise to great differences in action 
and requiring frequent adjustments of grid potential and 
thermionic current. Hence, later on, the bulbs were 
evacuated very highly and a small quantity of a mercury 
amalgam introduced into the bulb to provide a source 
of ionisation in the mercury vapour. With these new 
conditions the valves keep more constant in action and the 
inventors claim for them a life of 1,000 to 8,600 hours. 
They state that a magnification of thirty-three times is 
obtained with this gas relay and that, using four such 
relays in cascade, alternating currents of frequencies from 
2,000 to 8,000 have been magnified 20,000 times with 
perfect preservation of wave form. This amplifier is said 
to be used in Germany as a radiotelegraphic receiver, but 
the large size of the bulb, which is about 16 in. long and 4 in. 
in diameter, and the high voltage required (220) in the 
plate circuit must seriously restrict its use in comparison 
with other more efficient and compact types of amplifying 
valve made in Great Britain. 

The broad, general conclusion from all this work is that the 
type of three-electrode or amplifying valve most suitable 
for general radiotelegraphic work is one in which the 
vacuum is made initially as high as possible, and the 
electrodes made of a material, such as tungsten wire, with 
very high melting point, but in which the necessary pro¬ 
vision is made for ionisation by the introduction into the 
bulb of some volatile solid having a fixed vapour tension 
at every given temperature. In this manner the minute 
quantity of gas necessary to produce the amount of ionisation 
which will give the characteristic curve the required form 
may be obtained. 

For securing good relay action it seems necessary that 
the characteristic curve should be steep at the point where 
it crosses the axis of grid zero potential, which implies that 
at that point a small change in grid potential results in a 
relatively large change in thermionic current to the anode 
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plate. A very usual specification is to require that a change 
of grid potential from —2 to +2 volts shall increase the 
plate current by 1 milliampere. The presence of positive 
ions in the bulb lowers the voltage necessary to produce a 
certain thermionic current, but it is easy to overdo it, and 
the problem of successful manufacture is to produce and 
maintain in action just the right and constant amount of 
such gas ionisation and no more. 

Recent improvements render it possible to specify the 



Fid. 73.—Method of Re-enforcing Plate Oscillations by Coupling through 
a Transformer the Grid and Plate Circuits. (E. H. Armstrong.) 
(N.B.—In this diagram and that in Fig. 74 the bulb of the three- 
electrode valve is not drawn.) 

vacuum required and enable us to measure it exactly, so 
that two- or three-electrode valves may be made strictly 
to specification and absolutely identical when made in 
numbers, just as is the case with the voltage, wattage, 
and candle-power of incandescent lamps. 

6. In addition to the methods of using the three-electrode 
thermionic detector above described there are other modes 
of connection, called regenerative, of the circuits by which 
the variations of the plate current can be still more magnified 
or re-enforced by suitable coupling of the grid and plate 
circuits. 

Some of these methods have been described by Mr. E. H. 
Armstrong in the excellent paper already mentioned. He 
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says, loc. tit., there are two ways of re-enforcing the oscilla¬ 
tions of the grid circuit by means of those of the plate 
circuit. The simplest way is to couple together the grid 
and plate circuits by a suitable transformer, L , h, as 
shown in Fig. 78, and to shunt the telephone by a condenser, 
C 2f which acts as a by-pass for currents of high frequency, 
which the telephone coils would otherwise choke out. 

In this case small variations of potential of the grid 
excite variations in the plate current, and these again are 
repeated back to the receiver circuit by the transformer, 
L 2 L 3 . and reinforce the grid oscillations. To obtain the 
best result the plate circuit has to be tuned to the oscillation 
circuit, LGL 2 , by the introduction of suitable capacity or 
inductance in the plate circuit. When this is done the 
oscillations in the two circuits react on each other and 
increase up to a certain maximum value. The energy 
required for this is, of course, drawn from the battery in 
the plate circuit. 

The second method of re-enforcement given by Armstrong 
is as follows : An inductance coil L 4 is inserted in the plate 
circuit and the circuits completed as in Fig. 74. This only 
differs from the ordinary 
detector connections as 
shown in Fig. 68 by the 
addition of thA induct¬ 
ance, L 4 , and condenser, 

C 2 . Armstrong’s explana¬ 
tion of the action of this 
inductance in amplifying 
the plate current varia¬ 
tions is as follows : 

When no oscillations 
are impressed on this grid 
the potential difference 
of the filament and plate 
will be equal to the volt¬ 
age of the battery, B 2 , 
but when grid oscilla¬ 
tions are set up causing 
variations in the plate 
current the reactance in the inductance, L 4 , creates an E.M.F. 
which is alternating with or against the battery voltage. When 
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Fig. 74. —Armstrong’s Second Method 
of Re-enforcing the Plate Oscillations 
in Three-electrode Valve Receiver 
Circuits. (In this diagram and that 
in Fig. 73 the bulb of the valve is 
not shown, but the filament, grid, 
and plate are denoted by a loop, 
zig-zag and rectangle respectively.) 
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a positive charge is placed on the grid the plate current is 
increased, and the inductive E.M.F. is against the battery 
voltage producing a decrease in the potential between grid 
and plate. When the grid becomes negative the plate 
current is reduced, and the reactance voltage of L 4 is added 
to that of the battery, and this potential difference between 
plate and filament and plate and grid is increased. The 
result of this will be to draw more electrons out of the 
filament, thereby increasing the charge in the condenser 
formed by the grid and plate. The increased negative 
charge on the grid tends to produce a still further increase 
in the wing current. When the inductance, L 4 , is properly 
selected the result will be, therefore, to set up a resonance 
effect which exalts the potential variations of the grid and 
the current variations of the plate current, and energy 
from the plate circuit is transferred to the grid circuit and 
the oscillations in the grid circuit are amplified and rectified. 
The condenser, (7 2 , is necessary to enable the tuning of the 
plate circuit to be effected. 

7. At this stage it should be pointed out that there 
are two different amplifications which may be effected 
which are commonly called radio-amplification and 
audio-amplification. The former term means an ampli¬ 
fication of the amplitude of the high-frequency oscillations, 
and the latter an amplification of the telephone current 
variations. 

In order that the telephone receiver may emit a con¬ 
tinuous sound which can be cut. up in Morse code signals of 
long and short duration the telephone coils must be traversed 
by an intermittent but unidirectional current, the frequency 
of these gushes of electricity being about 300 to 500 a second 
or so. This frequency is called the audio-frequency, being 
the short for audition frequency. 

The loudness of the sounds in the telephone will depend 
upon the amplitude of these waves of current which pass 
through the telephone. If they arrive with extreme 
regularity we obtain a shrill musical note in the telephone, 
which is interrupted or cut up to form the Morse signals, 
and the musical sound of these signals enables them to be 
distinguished from accidental sounds due to atmospheric 
electric discharges. 

A simple scheme of connections for audio-frequencv 
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amplification is shown in Fig. 75, where D is some form of 
rectifying contact, crystal or valve detector which sends 
through the coil of a transformer, T l9 in series with it a 
unidirectional but intermittent current created by the 
rectification of trains of oscillations. The transformer, T lf 
which is an iron-cored transformer, impresses corresponding 
variations of potential on the grid of a three-electrode valve. 
This, in turn, creates similar variations of current in the 
plate circuit of the valve, and these again are transformed 
by a second iron-cored transformer which passes the periodic 
part of the plate current to a telephone receiver. By 
suitably designing these transformers the sounds heard in 
the telephone can be made much louder than if the telephone 



Fig. 75.—Scheme of Connections for Audio-magnification with Three- 
electrode Valve. The Transformers Tj^ and T 2 are Iron-cored. D is 
the Crystal or other Rectifying Detector. 

were inserted in series with the detector, D, alone across the 
terminals of the receiving condenser. 

One set of connections for radio amplification has already 
been shown in Fig. 68. It is possible to combine in one 
scheme both radio and audio amplification, as in Fig. 76. 1 

In this case the plate current of the first valve passes 
through the primary circuit of an iron-cored transformer, 
T l9 and this circuit is shunted by some rectifying detector, 

1 See an article on “ Ionic Valves,” by Prof. W. H. Eccles, The 
Year-Book of Wireless Telegraphy , 1917 (The Wireless Press, Limited), 
p. G89. Figs. 20, 21, 22 are taken from this article. 

189 

























The Thermionic Valve in 


such as a crystal. The secondary circuit of T x is connected 
to the grid of a second valve, and the plate current of this 
last valve is transformed by an iron-cored transformer, T 2 , 
and the energy transferred to a telephone, H . 



Fig. 76. —Scheme of Connections for Combined Radio- and Audio¬ 
amplification by Three-electrode Valves in Cascade, Coupled by an Iron- 
cored Transformer, T v and Telephone, H, also similarly Coupled by 
Transformer T 2 . D is the Crystal Detector. 


It is possible to effect radio and audio amplification by a 
single three-electrode valve, as shown in Pig. 77. 

8. A very important property of the three-electrode valve 
is the capability of being used in cascade, so that we can 

amplify almost 
indefinitely 
radio oscillations 
of very small 
amplitude by 
the use of 
several such 
valves in series. 

As already ex¬ 
plained, the am¬ 
plifying power of 
a three-electrode 
valve depends 
upon the slope of 
the character¬ 
istic curve. 
Another factor 
of importance is the magnitude of the current taken by 
the grid. To obtain the greatest amplifying power it is 
desirable to have this last current as low as possible. 
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Fig. 77.—Scheme of Connections for Combined 
Radio- and Audio-amplification with a Single 
Three-eleetrode Valve and Double Coupling. 
T is an Iron-cored Transformer, H HeaTd 
Telephone, and D is a Rectifying Crystal. 
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In the case of the small pliotron aboye described the plate 
current increases at the rate of 1 milliampere per volt charge 
in the grid potential. 

By using larger anode potentials the slope of the curve 
can be made greater, since it becomes possible to use a finer 
mesh for the grid, and we might obtain a larger variation of 
plate current per volt of potential change of the grid. 

If, however, we couple two valves, as shown in Fig. 78, 
and by the insertion of an oscillation transformer, J, 
transform variations of plate current of the first valve into 



Fkj. 78.—Twd Three-electrode Amplifiers, V 2 and V 2 , worked in Cascade, 
being Coupled by an Oscillation Transformer, J. 


variations of grid potential of a second valve, we can then 
multiply still more. 

An arrangement of two or more valves in this fashion is 
called use in cascade. If the several circuits are carefully 
timed tbe magnification due to n valves in cascade is 
proportional to a n , where a is some constant. 

The small changes in grid potential are reproduced as 
changes in plate current, no matter what the frequency may 
be. Hence, by suitable arrangements of grid and plate 
valves in cascade, radiotelegraphic signals too weak to be 
heard on the telephone with a single detector can be amplified 
until they are quite loud, 

9. From the facts already given it will be clear that the 
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amplifying power of a three-electrode valve is closely 
connected with the slope of the characteristic curve at the 
point of usage. This slope at any point is the ratio of 
the increment of plate current to the increment of grid 
potential. 

The ratio of a current to a potential difference is of the 
dimensions of a conductance. If the potential difference is 
measured in volts and the plate current in amperes then the 
characteristic slope is measured in mhos , or the reciprocal 
of ohms. One mho is the conductivity of a conductor of 
one ohm resistance. This conductivity in mhos has been 
called by Vallauri the valve parameter. 

It is necessary therefore to measure it for every three- 



Fig. 79.—Arrangement of Circuits for Measuring Slope of Characteristic 
Curve. (Captain E. V. Appleton.) 

electrode valve, and should preferably be determined at the 
symmetrical point in the characteristic curve—that is, 
about the centre of the steeply rising part. 

For this purpose it may be found convenient to delineate 
the whole of the characteristic curve. This can be done by 
inserting a milliamper erne ter in the plate circuit to measure 
the plate current and applying by a potentiometer known 
and measured potentials to the grid and then plotting the 
result on squared paper. The slope can, however, be 
determined at any point by one single measurement by a 
convenient method devised by Capt. E. V. Appleton, E.E., 
which is as follows : A battery, B 2 , is placed in the plate 
and a battery, B lt in the grid circuit (see Fig. 79), and a 
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resistance, R, inserted with galvanometer, G, as shown in 
the diagram. A key, K, is placed in the grid circuit. 

When this key is open the galvanometer, G, measures 
the normal plate current. If the key is closed the galvano¬ 
meter reading will in general alter. It is possible, however, 
to adjust the resistance, R , to such a value that the galvano¬ 
meter reading does not change. When this is the case the 
reciprocal of the resistance, R , measures the slope of the 
characteristic corresponding to the plate current at that 
instant. 

This method of measurement was described by Capt. 
Appleton in an article in The Wireless World for November, 
1918, p. 458, entitled “ A Thermionic Valve Slopemeter.” 



Capt. Appleton gives in the above article a proof of the 
above theorem, but the author has given another proof, as 
follows : 

If we redraw the circuits we see that the arrangement in 
Fig. 79 is equivalent to the arrangement in Fig 80. Let the 
resistance of the vacuous space between the grid and plate at 
the instant considered be r 1 ohms and that between the grid 
and filament r ohms, and let the resistance of the galvano¬ 
meter be g ohms, which is negligible compared with r or r 1 . 
Suppose V to be the E.M.F. of the grid battery, B, and V 1 
that of the plate battery, and let the resistance of all connec¬ 
tions and batteries be negligible. Then, if R is the variable 
resistance, it is evident that the arrangement forms a 
network of conductors, as in Fig. 81. Let x, y and z be 
the cyclic currents circulating all in a positive direction. 
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Then x is the current through the galvanometer and y is 

the plate current, and V is the grid potential. Hence 

is the plate current divided by grid potential (=a) and is 
the characteristic slope or conductance the value of which 
we require. In the first place, suppose the key, K, to be 
open, then the network becomes a simple two-mesh 



Y 


network. If we write down the cyclic equations, 1 for 
the network we have the equations 

-Rx + (R+r 1 ) y=V 1 \ m 

(R+r+g) x — Ry=o J ’ ' ' ' 

If the key is closed we have a three-mesh network, and the 
cyclic equations are 

-Rx + (R+r x ) ij + Oz=V 1 \ 

- rx+Oy+rz=V l . ' . . (2) 

(R +r+g) x-Ry-rz=0 I 

Solving these linear equations for x and neglecting g in 
comparison with r or r 1 , we have the value as the quotient 
of two determinants—viz. : 

From equation (1) 


x~. 


V 1 , R-j-r 1 
O, -R 
— R, R+r 1 
R+r, — R 


V 1 R 


(R+r) (R+r 1 ) —R 2 


( 3 ) 


1 For the method of constructing these equations and solving 
conducting network problems the reader is referred to the author’s 
book, The Wireless Telegraphist's Packet Book of Notes , Formulae , and 
Calculations , The Wireless Press, Limited, Marconi House, Strand, 
London. 
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From equation (2) 


V 1 , R+r 1 , o 
V, o, r 
o, R, —r 

V (R+r 1 ) r + V 1 Rr 

— R, R+r 1 , o 

r(R +r*) (R +r) — r 2 (R+r l ) — R 2 r 

-r, o, r 


R+r, -R, -r 

(4) 


If the value of R is adjusted so that the current through 
the galvanometer (==#) is the same with key up as key 
down, we can equate the values of x in solutions (8) and (4), 
and we have 

V 1 R _ V (12 + r 1 ) + F 1 R 

(R+r) (. R+r')-R 2 ((R'+r) (R+r 1 )-R*}-r (R+r 1 ) 

V 1 _(R+r)(R+r 1 )-R 2 
V - Rr • • • (5) 

Now the plate current is y, and the value of y with key 
down is 


V\ o 
-r, F, r 

R+r, o, —r _ VRr + V 1 r(R+r) — V 1 r 2 

— R, R+r 1 , o 
-r, o, r 
R+r, —R, —r 


r (R+r) (R+r 1 ) — r 2 (R+r 1 ) —R 2 r 


Hence the conductivity a=y/V is 


y 


V 1 V 1 

R+y-(R+r)-y r 


( 6 ) 


V~R+r) (R+r 1 ) — R 2 — r (R+r 1 ) 

Substituting in (6) the value of F*/F from (5), we have 

(.R+r) (R+r 1 ) —R 2 

r ~ . (7) 


y 


r+ k 


V (R+r) (R+r 1 ) — R 2 — r (R+r 1 ) 
Simplifying (7), we have 

ij 2 11 

V = r 1+ r + R ' * * 
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But r and r 1 are large compared with B. 
say that 


y 1 

a ~V~B 


Hence we can 

• • (9) 


In other words, the reciprocal of B measures the slope 
of the characteristic, a, provided that B is so adjusted 
that the current read by the galvanometer does not alter 
whether the key, K , is open or closed. 

Furthermore, suppose a resistance, B 1 , is inserted in 
series with the plate battery, then we virtually increase r 1 
by an amount B 1 , and we can write equation (8) 


_ 2 11 
a ~r 1 +R 1+ r + R 


( 10 ) 


Since r is large, we can neglect 1 jr, and we have 

_ 2 1 
a ~R r +r 1+ R 


1_2 _ a (r 1 +7i 1 ) —2 

R~ a R 1 — r 1 ~ r'+R 1 


or since r 1 is large compared with B 1 


1 _ a __ a 

B = B^~l+bB 1 
1 


(ii) 


This last quantity, 


a 

r+m 


is defined by Vallauri as the 


amplifying power of the valve, and it is measured by 1 jB. 

A useful discussion of the Theory of the Thermionic 
Amplifier has been given by Mr. H. J. Van der Bijl, of the 
Besearch Laboratory of the Western Electric Company, 
New York, in the Physical Beview for September, 1918 (see 
Vol. XII., 1918, p. 171). He has found that the relation 
between the plate circuit current and grid and plate potentials 
can be expressed as follows : 

If the plate circuit has in it a battery having a constant 
electromotive force, E, and also a resistance, B , external to 
the bulb, and if the plate current is J, then the plate potential 
V, is V^E-BI. 

If the grid circuit contains a battery of constant electro¬ 
motive force V g and also an alternator giving a sine curve 
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electromotive force, F/S in pt, then the plate current can be 
expressed by the formula 

I=a (bV p +V g +V Sinpt+c) 2 

where a, b and c are certain constants. He gives a number of 
charts showing the agreement between the predicted and 
observed plate currents in various cases. 

He states that the alternating current impressed on the 
plate circuit is a linear function of the grid potential. 

The original paper must be consulted for details. 


L2 
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CHAPTER IV. 


The Thermionic Valve as a Generator of 
Oscillations. 

1. A very interesting and important property of the 
three-electrode thermionic valve is that it can act not only 
as a detector and amplifier, but also as a producer of electric 
oscillations. This seems to have become clearly understood 
about the beginning or middle of 1918. and it gave a fresh 
interest to the study of the properties of the thermionic valve. 
Perhaps the first to publish a definite statement was 
Alexander Meissner, an engineer in the employ of the 
Wireless Telegraph Company of Berlin, but it appears to 
have been discovered independently by Mr. E. H. Armstrong 
in the United States, and also by Lieut. C. S. Franklin and 
Captain H. J. Bound, of Marconi’s Wireless Telegraph 
Company, London. It has also been claimed by Dr. Lee 
de Forest in a letter in The Electrician of August 28th, 1914 
(see vol. Ixxvii., p. 842), as his own origination under a United 
States patent, No. 948,969. Anyone who looks at this 
last-named specification will see at once that there is in it 
no disclosure of the reaction principle which is the basis of 
the true oscillation generating power of the three-electrode 
valve. De Forest’s above-named specification covers merely 
the use of a spark gap or discharger of a particular kind, 
consisting of two balls or plates in an evacuated bulb which 
contains also an incandescent filament. This was used in 
various ways as a sort of spark discharger. The patent 
claims are broad and might be interpreted to include a 
variety of arrangements. 

The first definite mention of the operation of a true 
thermionic oscillator was probably made by A. Meissner, 
in a German patent application filed April 9th, 1918. 1 In 

1 The author has not succeeded in finding this German patent 
specification of A. Meissner in the British Patent Office Library. 
The last bound volume of German specifications on the shelves is for 
1913, after which the war stopped arrivals. 

148 


Radiotelegraphy and Telephony 


a letter to The Electrician of July 31st, 1914 (see vol. lxxiii., 
p. 702), Meissner states that this device was suggested by 
him in March, 1913, when working for the Wireless Telegraph 
Company of Berlin. 1 He employed the Lieben, Reisz and 
Strauss vacuum tube relay, already described in Chapter III., 
which had a Wehnelt incandescent cathode of lime-covered 
platinum. The scheme of circuits was as shown in Fig. 82. 
Meissner gives in the above article a photographic view of 
his apparatus. 

In Meissner’s arrangements a negative current is sent 
through the Lieben bulb, T 7 , from the oxide-cathode, K, 
which is rendered incandescent by a battery, B u to the 



Fig. 82 . —Meissner’s arrangement of Circuits for using Lieben-Reisz 
Thermionic Relay as an Oscillation Generator. 

anode, A. This current is furnished by a battery, B ti of 
220 cells, giving 440 volts, the battery being shunted by a 
condenser. This current flows also through the primary 
coil of a transformer, T lf of which the secondary circuit is 
closed by a condenser, C x . The grid, G , and the cathode, K f 
are also connected to the primary circuit of another trans¬ 
former, T 2 , which effects a coupling between the grid circuit 
and the plate circuit, through the closed oscillatory circuit, 
S l9 S, G lt The physical action which then takes place is 
closely analogous in principle to that in the well-known 
experiment called the singing telephone. If an ordinary 

1 The British patent specification for this invention is No. 252 of 
January 5th, 1914, taken out in the names of Graf Georg von Arco 
and Alexander Meissner, 
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carbon granule microphone transmitter is connected through 
a primary battery of one or two cells with a magneto 
telephone receiver, and then, if the transmitter and receiver 
have nearly similar diaphragms, when these are held near 
to each other the system will emit a clear musical note of a 
certain pitch, and continue thus to sing as long as the two 
diaphragms are held near to each other. The reason is as 
follows : Little noises in the room or a slight tap on the 
diaphragm of the transmitter set it in motion. The com¬ 
pression of the carbon granules varies their resistance, and 
hence the current flowing through the receiver. This again 
causes the receiver to emit a sound, and the aerial w r aves 
falling upon the diaphragm of the transmitter set it in 
sympathetic vibration. This movement again exalts the 
current variations in the circuit. Hence, by action and 
reaction, the two diaphragms maintain each other in vibra¬ 
tion, the receiver sending out a corresponding sound. The 
energy required to produce these vibrations is, of course, 
drawm from the battery in the transmitter circuit. 

The action is also similar in some respects to that by which 
a direct current electric arc sets up oscillations in a condenser 
circuit having inductance which is shunted across the arc 
carbons. In these cases we have the energy of a direct 
current partly transformed into energy of electric or 
mechanical oscillations. So is it with the case of the 
thermionic oscillator. We have seen that when a current is 
flowing from the hot cathode to the cold plate in a three- 
electrode valve, if the potential of the grid standing between 
cathode and anode is raised or lowered, the plate current 
will be increased or diminished in the same manner. 

2. If, then, we properly couple together, by a transformer, 
condenser, or auto-transformer, the grid circuit and the plate 
circuit we can make the variations of the plate circuit main¬ 
tain the variations of grid potential, and the latter, in turn, 
exalt the variations of the plate current. The result is to 
set up in both circuits rapid undamped electric oscillations 
or high-frequency alternating currents, the frequency of 
w r hich may be varied over wide limits. The energy required 
to create these oscillations is derived from the battery in the 
plate circuit. 

Although Meissner was on right lines in his mode of thus 
employing the valve, yet the apparatus he used was very 
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inefficient. The Wehnelt cathode is unsuitable for prolonged 
practical work, and in low vacuum tubes, such as the 
Lieben, the cathode is very quickly destroyed by bombard¬ 
ment by positive ions. Hence, Meissner’s tube only lasted 
for a few minutes’ use and he obtained a very small output 
of power into an antenna coupled with it. He states that 
he obtained 12 watts with a wave-length of COO metres, and 
that this corresponded to an antenna current of 1*3 amperes, 
with an antenna resistance of 12 ohms. He states also that 
in June, 1913, this generator was used to effect radio¬ 
telephony between B nrlin and Nauen, a distance of 30 
kilometres. 

In the British patent granted to Von Arco and Meissner 
(No. 252, of 1914) the invention is primarily described as 
14 Improvements in and relating to relay arrangements for 
alternating currents,” and a large number of modes of 
connection of the grid and plate and antenna circuits are 
shown in the specification diagrams for amplified reception. 
The use of the arrangement as an oscillation generator was, 
however, clearly recognised and the thirteenth claim reads 
as follows: 

“ 13. An arrangement, as in any of the preceding claims, 
for receiving electric oscillations in which the relay con¬ 
nected by return coupling with a closed oscillation circuit, 
and thus operating as an oscillation generator, and a 
receiving antenna act in common on a receiving apparatus 
comprising a detector and indicating instrument, and in 
which the frequency of the oscillations generated, due to 
this relay, is made approximately equal to the frequency 
of the oscillations received in order to strengthen the 
oscillations received by interference and to make them 
perceptible as pure and readily audible sounds.” 

Another method of explaining the action of the thermionic 
valve used as a generator has been given by Professor 
W. H. Eccles in connection with a diagram, as in Pig. 83. 

The action has been illustrated as follows : 1 Imagine 
an oscillatory current circulating in the plate-filament 
circuit. This oscillation could be kept going by an impulse 
delivered just at the right moment just as a clock pendulum 
is kept going by the small impulses given by the pallets 

1 See article/m “ Ionic Valves,” The Year-Book of Wireless Telegraphy 
and Telephony , 1917, p. 683. 

151 


The Thermionic Valve in 


of the escapement. These impulses come from the battery, 
the E.M.E. of which is, so to speak, turned on at the right 
moment by the rise in potential of the grid. These variations 
in grid potential are themselves controlled by the inductive 
action of the plate oscillation acting through the mutual 
induction of the coils L and L x . 

The process may also be compared with the action of a 
reciprocating steam engine. The steady pressure of the 
steam in the steam pipe answers to the steady E.M.F. of the 
battery in the plate circuit. This steam is admitted first 
to one side of the piston and then to the other, and the 
mechanism for doing this is the slide valve. But the 
movements of the slide valve are controlled by the motions 
of the piston, so that the steam is automatically admitted 
first above and then below the piston at the right moment. 



Fig. 83.—Scheme of Circuits for using a Three-electrocle Valve, V, as a 
Generator of Oscillations by inter-coupling Grid and Plate Circuits 
by Mutual Inductance Coils, L, L r 

In the valve the grid answers to the slide valve, and the 
resulting electric oscillations set up in the plate circuit 
correspond to the reciprocating motions of the piston. 

Hence the thermionic valve is a means of using a direct 
E.M.F. to produce an alternating current, or what comes 
to the same thing, pulsations on a direct current. The 
frequency of these oscillations is determined by the capacity 
and inductance of the plate and grid circuit, and these must 
be properly tuned' to each other. The coupling of the 
two circuits must be fairly close to secure these sustained 
oscillations. Accordingly, the thermionic valve so used 
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becomes a transmitter and is then described as a trans¬ 
mitting valve. 

Since the slide valve controls the admission of the steam 
and is analogous in function to the grid, the grid circuit is 
now generally called the control circuit and the plate circuit 
is called the repeat circuit . 

It is necessary, therefore, that the oscillations in these 
circuits should be properly in step with each other. The 
battery in the plate circuit is sending a negative current 
from filament to plate and this current is reduced when 
the grid is negative and increased when the grid is positive. 
Hence the changes in potential of the grid must be in step, 
or nearly in step, with the changes of current in the plate 
circuit. This necessitates that the grid potential shall 
be 90° different in phase from the time rate of change of 
the plate current. 

8. The inductive coupling of the grid and plate circuit, 
or control and repeat circuit, as they may be called, was 
quite clearly described by Mr. E. H. Armstrong in a 
United States patent specification, No. 1,118,149, applied 
for on October 29th, 1918. He therein describes a number 
of modes of connection of the control and repeat circuit 
for the purpose of amplifying the oscillations when the 
three-electrode valve is used as a receiver. This may be 
called the re-enforced use of the valve. But he also mentions 
the resulting property then possessed of creating self- 
sustained oscillations in virtue of energy drawn from the 
battery in the plate circuit. 

In a letter to TJie Electrician for October 15th, 1915 (see 
vol. lxxvi., p. 61), Mr. E. H. Armstrong claims the independent 
discovery of this use of the thermionic valve as a generator 
of oscillations early in 1918. He also disputes the claim 
made by Dr. Lee de Forest in The Electrician for July 16th, 
1915. that the regenerative or reaction principle was dis¬ 
closed by the latter in his United States specifications, 
No. 841,387 and No. 879,532 of 1907, covering the two- 
plate or grid and plate valve. The production of persistent 
oscillations by a three-electrode valve with grid and plate 
circuit inductively coupled was also clearly disclosed in a 
British patent specification, No. 13,636 of 1913, of Lieut. 
C. S # Franklin and Marconi’s Wireless Telegraph Company, 
applied for on June 12th, 1913, which therefore preceded 

153 


The Thermionic Valve in 


Armstrong’s United States application by more than 
three months. 

In Franklin’s provisional specification it is stated as 
follows : 

“ It has been shown that an exhausted tube which 
contains a heated cathode, consisting of a strip of metal 
covered with an oxide, and two anodes, one of which is in 
the form of a plate with holes and which screens the cathode 
from the other anode, can be used in a wireless receiver 
for magnifying both the received oscillations and the 
telephone currents. 

“ According to this invention when such a tube is used 
for magnifying the received oscillations we make the 
circuit in which the magnified oscillations occur react on 
the circuit in which the oscillations to be magnified occur by 
coupling these circuits, either electrostatically or electro- 
magnetically to a certain degree. 

“ If the coupling be too strong the tube will be unstable, 
and will itself tend to produce oscillations, but there is a 
certain critical strength of coupling below which the tube 
is unable to maintain oscillations.” We shall refer to this 
specification again in the next chapter, but the above 
quotation is introduced here to show that C. S. Franklin 
quite clearly stated, in June 1913, the conditions under 
which self-sustained oscillations can take place in a three- 
electrode valve. 

Another mode of inter-connection of the grid and plate 
circuit in a transmitting or generating valve was described 
by Captain H. J. Bound, of Marconi’s Wireless Telegraph 
Company, London, in 1914, in a British patent specification. 
No. 13,248, applied for May 29th, 1914. This mode of 
connection is intended for use with valves of not very high 
vacua or so-called soft valves. It is shown in Fig. 84, and 
it will be noted that both the control or grid and repeat or 
plate circuits contain closed inductance-capacity circuits, 
PiK 1} P 2 K 2 , which are usually called oscillating flywheel 
circuits. The special object of this arrangement was 
to produce an oscillation-generating appliance for use in 
the transmitter of a wireless telephone. 

The title of the specification is “ Improvements in the 
Production of Continuous Electrical Oscillations and in the 
Utilisation thereof for Wireless Telegraphy and Telephony.” 
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It will be seen that the plate circuit contains a high tension 
generator, G, which may be a sufficient number of small 
storage cells or a small high-tension direct current dynamo. 
The grid circuit also contains an electromotive force, B x , and 
this is adjusted by the aid of a resistance, R x , to obtain the 
best effect. It is said that the resistance, R 1} and battery, 
B u shunted by condenser, K, assist in securing the stability 
of the tube. 

We shall return to the consideration of these regenerative 



Fig. 84. —Arrangement of Circuits of Three-electrode Valve as an 
Oscillation Generator due to Captain H. J. Round. 


valve arrangements of Franklin and of Round in the following 
chapters in discussing the use of the thermionic valve in 
wireless telegraphy and telephony. 

4. Meanwhile we may mention two other modifications of 
such devices for generating respectively oscillations of very 
low and of very high frequency which are due to Mr. W. C. 
White, of the General Electric Company of America. 1 
These are illustrated in Figs. 85 and 86. 

1 See W. C. White, General Electric Review , September, 1916, vol. xix., 
p. 771, “ The Pliotron Oscillator for Extreme Frequencies ” ; see also 
UnitedC_States Patent Specification No. 1,159,307, of W. C. White. 
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Pig. 85 shows the arrangement for creating low-frequency 
oscillations. The reaction between the grid and plate 
circuits takes place through the iron-cored transformer, T, 
and condenser, G v The plate circuit contains a direct 
current dynamo, D, and this is shunted by a condenser, 
(7 2 , of large capacity, about 25 microfarads, to provide a 
path for the low-frequency oscillations. The inductance on 
the plate side of the transformer, T, may be about 100 
henrys. This transformer has on it a third winding, E , 
from which a low-frequency alternating current can be 
drawn off. By means of a variable resistance, 2?, in the 



Fio. 85.—Arrangement of Circuits of Thrce-elcetrode Valve as a 
Generator for Low-frequency Oscillations duo to W. C. White. 




grid circuit the amplitude of the oscillations can be varied, 
and finally the oscillations damped out. There is a certain 
critical value of this resistance at which the current in the 
plate circuit just ceases to be pulsatory. This phenomenon 
is of importance in connection with a certain method of 
using the valve as a receiver and amplifier. 

The second method, due to W. C. White, is shown in 
Fig. 86. This is for the production of oscillations of very 
high frequency. 

The grid and plate circuits in this case are tuned by 
sliding a cross wire, W , along two parallel wires, J, like a 
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Lecher circuit, which tunes the grid circuit. The condensers, 
C 2 and C 2 , are of very small capacity. The dynamo, D, 
supplies direct currents to the plate circuit through two 
choking coils, L x and L 2 , to block out alternating current, 
whilst a by-pass for the high-trequency alternating currents 
is given through the condenser, G x . Such an arrangement 
can be tuned up by using very short wires and very small 
condensers to produce undamped oscillations of 50 millions 
per second. This corresponds to waves 6 metres in wave length. 



D 


Fig. 86. —Arrangement of Circuits of Three-electrode Valve as Generator 
of High-frequency Oscillations due to W. C. White. 

It will be seen therefore that the three-electrode thermionic 
valve provides us with the means of producing undamped 
electric oscillations of sine wave form and of frequencies 
covering an enormous range, from a few oscillations per 
second up to 50 million or so. 

In order that a generating thermionic valve may operate 
satisfactorily for prolonged periods of time in oscillation 
production it- must be a high vacuum instrument in which 
gas ionisation is absent, or else the filament is sooner or later 
destroyed by positive ion bombardment. Also it is necessary 
to be able to work a number of valves in parallel to obtain 
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large currents, and this can only be done when they have 
identical characteristic curves. This, then, indicates the 
use of high vacuum valves in which the thermionic current 
is carried entirely by electrons from an incandescent 
filament or cathode. 

5. A thermionic oscillation generator of very great interest 
has been developed in the Research Laboratory of the 
General Electric Company of America, an account of which 
has been given by Dr. Albert W. Hull in the Proceedings of 
the Institute of Radio-Engineers for February, 1918 (vol. vi., 
p. 5, 1918). This appliance is a hot cathode vacuum tube 
possessing a so-called negative electric resistance. It has 
been christened by the not very suggestive name of a 
dynatron . It is well known that the direct current carbon 
electric arc possesses the quality that an increase in current 
through the arc is accompanied by a decrease in potential 
difference of the electrodes. This is sometimes expressed 
by saying that the arc has a negative resistance. It is 
better, however, to state it by saying that the arc has a 
falling characteristic curve ; meaning that the curve which 
delineates arc current in terms of arc electrode potential 

difference slopes down¬ 
wards so that increase 
of arc P.D. implies de¬ 
crease in arc current. 

The dynatron is a high 
vacuum tube which pos¬ 
sesses the same quality 
in a very marked degree. 
It belongs to all that 
family of appliances de¬ 
scended from the Flem¬ 
ing valve which consist 
of a highly vacuous glass 
bulb, having in it a fila 
ment rendered incandes¬ 
cent by a battery and 
one or more cold metal 
plates or grids, which 
catch or modify the elec¬ 
tron discharge from the hot filament or the plates (see 
Fig. 87). The dynatron utilises, however, the secondary 
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Fig. 87.—Diagram showing the Prin¬ 
ciple of the Dynatron. F, Tungsten 
Filament rendered Incandescent by 
Battery, B r A, Perforated Anode 
and P, Plate Anode. 















Badiotelegraphy and Telephony 


emission of electrons from a plate upon which the primary 
electrons impinge. It can be used as a generator of oscilla¬ 
tions and feeds energy into any circuit to which it is con¬ 
nected. It comprises, besides the incandescent tungsten 
filament, F, a perforated anoae, A , and a third electrode, P, 
called the plate. The plate.is fixed near and behind the 
perforated anode, so that some of the electrons drawn out of 
the filament shoot through the holes and strike the plate. 
The filament is rendered incandescent by one battery, B 19 and 
another, P 2 , is provided for maintaining the anode at about 



Fig. S8.—Perspective View of the Dynatron. 

100 volts potential above the filament. This last-mentioned 
voltage is not varied and the anode plays no part except to 
set in motion electrons towards the plate. These strike the 
plate with great velocity and liberate from it other electrons, 
called secondary electrons. Fig. 87 shows the general con¬ 
struction and Fig. 88 a perspective view. In practice the 
plate is a cylinder, and the anode another inner cylinder, full 
of holes, or else a spiral of wire. 

The action is as follows : Electrons are dragged out of the 
hot filament by the electric force due to the positive potential 
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of the anode and shoot through the holes and strike the 
plate. If the plate is at a low potential with respect to the 
filament these electrons enter it and form a negative current 
in the external circuit. If the potential of the plate is raised 
the velocity with which the electrons strike the plate will be 
increased, and when this is great enough the primary electrons 
will ionise surface atoms of the plate and cause the emission 
of secondary electrons. These will be attracted to the more 
positive anode, and hence they will diminish the net number 
entering the plate—that is, will decrease the current into 
the plate. 

The number of secondary electrons emitted increases very 
rapidly with the potential difference of the plate and filament, 



Fia. $9.—The characteristic Curve of a Dynatron, showing the falling 
characteristic between points A 0 and 0 o . 


and may become very much greater than the number of 
primary electrons. 

If we plot a characteristic curve showing the current 
entering the plate or flowing in the external circuit in terms 
of the potential difference (P.D.) of the plate and the negative 
end of the filament, we find that curve to be as in Fig. 89. 
As the P.D. increases from zero, the current first increases, 
which means that more and more primary electrons strike 
the plate. Beyond a certain P.D. of about 25 or 80 volts in 
this case the current begins to fall off. This is because more 
and more secondary electrons are emitted from the plate, 
which reduces the net or resultant electron intake of the 
plate. The current may not only fall to zero, it may become 
negative, but beyond a certain limiting P.D. the current 
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again increases positively, because the anode potential is 
no longer sufficient, compared with the plate potential, to 
carry away all the secondary electrons. 

Hence it is clear that over a wide range of potential of 
the plate (in the case of the tube here considered it is 50 to 
150 volts) the current curve has a negative slope or is a 
falling characteristic and the tube may be said to have a 
negative resistance (=—r). 

Hence, starting from the P.D. at which the thermionic 
current is zero, we have a considerable range of P.D. over 
which the current is proportional to the voltage, but is in 
the opposite direction, so that increase of voltage implies 
decrease of current or increase of negative current. There¬ 
fore we may say that the relation of current (— i), P.D. ( =E ), 
and resistance (= —r), is given by the equation i=E/( —r). 

The term negative resistance is not a very suitable one, 
as resistance of any kind is essentially a positive quality. It 
is the quality of a conductor in virtue of which a current 
through it dissipates energy. In the case of non-inductive 
circuits containing no source of electromotive force and for 
steady unidirectional currents it is measured by the ratio 
of the volt drop ( v) down the conductor to the current (i) 
in it. 

The ratio dvjdi can, however, be negative if the current (i) 
decreases as the P.D. (v) increases. 

If the portion of the current-voltage curve where dp/di 
is negative is a nearly straight line, then we may say that the 
ratio vji is negative for that part and denote it by —r. 
The magnitude of this negative resistance for the dynatron 
and the range of voltage over which the characteristic curve 
is practically straight depends upon the anode potential, the 
temperature of the filament and the distance or form of the 
electrodes. The effect of varying anode potential is to 
shorten or lengthen the range over which negative resistance 
exists. Varying the temperature of the filament changes 
the value of the negative resistance without affecting the 
voltage range of this part of the characteristic curve. 

6. If the dynatron is joined in series with an ordinary 
metallic resistance the whole circuit taken together has very 
interesting properties, because part of the resistance being 
negative and part positive the resultant resistance may be 
small, and hence a large change in current flowing through 

161 M 


The Thermionic Valve in 


it will be accompanied by only a small change in the total 
or resultant potential drop down the compound circuit. 

In Fig. 90 is shown the arrangement in which R is a metallic 
resistance and I the current flowing through it and the 
dynatron. Let v x be the volt drop down the resistance R 
and v 2 that down the dynatron, then v x =IR and v 2 = —Ir. 

Hence, if V is the resultant or applied P.D., we have 
V=I (R-r) and 

v x _ R 
V~R^r 

This can be made a large ratio by making R and r nearly 
equal. Hence, such a circuit acts as a voltage magnifier of 
any required amplification. With constant batteries an 
amplification of one thousandfold can be obtained. 



Fig. 90. — The Dynatron a? a Voltage Magnifier when used in Series 
with a Resistance, R. 


If the metallic resistance is put in parallel with the 
dynatron, as shown in Fig. 91, then the arrangement 
becomes a current amplifier. 

Let I be the total current before division between the two 
parts of the current and let i x be the current through the 
metallic resistance R , and i 2 the current through the 
dynatron. Then we have 



where E is the volt drop down the resistance R. 


Hence 


_ r 

I~ R-r 


This ratio may be made large by making R and r nearly 
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equal. The resistance R may be the coil of a galvanometer, 
relay, or microammeter, and the current I may be any 
small current it is desired to amplify. Hence, by putting a 
suitable dynatron in parallel with a relay we can greatly 
magnify a current to be relayed. 



Fig. 91.—The Dynatron used as a Current Magnifier in Parallel with 
a Resistance, R. 

7. A third and very interesting use of the dynatron is for 
generating oscillations, which can be done as follows : 

Let a dynatron be arranged in series with a circuit com¬ 
prising an inductive resistance of inductance, L, and 



Fig. 92. —The Dynatron used as an Oscillation Generator in Series 
with a Circuit having Capacity, C, and Inductance, L. 

resistance, B, and a condenser of capacity, C (see Fig. 92). 
Let 1 be the current through the inductive resistance and 
V the potential fall down it, and let i be the current through 
the dynatron. Then I+i is the current through the 
condenser. 
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Then the following equations hold good : 
For the inductive resistance we have 


For the condenser, 


For the dynatron, 


trn 

+ 

II 

■ ■ (1) 

' ' 

• • (2) 

» 

V , • 

l —-f+% 

• (B) 


where i 0 is some constant. 

Eliminating V and i we have the equation 
d 2 I . /B l\dl. 1 /. B^ 


a*i /u _ 
W + \L~ 


rCJ dt + LG 


(■-F) z+ ro=°- 


The above differential equation has two solutions deter¬ 
mined by the algebraic sign of 

\L r('l LO 


If this last is a negative quantity—that is, if is greater 
B 1 2 

than (2 —^ en P ro P er solution of the differen¬ 


tial equation is 


B—r 


-(*.L ) 

\2L 2 rCV 


cos 


s (V / Ic-(2i + 2Tc) ,, '“) 


where a is a phase angle and A is some constant. 

The above is the expression for a damped oscillation of 

B 1 

which the damping factor is ^ f anc ^ ^ ie ^ re( l uenc y 


n is 


! / 1 -(A 1 \ 2 

W LC \2i + 2rC/' 

B j 2 

The term ^ rtf) * S * n P rac ^ ce vei 7 sma ^ compared 


1 


with j q, and hence we can say that the frequency of the 

1 


oscillations is 


ZizVLC 
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Two cases therefore have to be distinguished—viz., those 

R 1 

in which the damping factor ^ aS a rea ^ P os *^ ve 

value and that in which it is negative. 

In the first case the oscillations when started die away, 
but the decrement may be made as slnall as possible by 
adjusting R u C and r so that the above damping factor 
is small. The criterion that the system shall generate 
R 1 

oscillations is that: ttt— shall be zero or less than 
2L 2 YG 


zero—that is, Rr must be equal to or less than L/C . 

It is found in practice that this condition can be fulfilled 
over a wide range of values of 1 /2 LG, and therefore that 
•it is possible to make the dynatron a generator of oscillations 
of controlled frequency. 

The wave form depends on the values of L/C and Rr. If 
these quantities are nearly equal the wave form will be a 
nearly perfect sine curve but with increasing distortion as 
the ratio of L/C to Rr increases. This has been proved by 
Dr. Albert W. Hull experimentally ( loc . cit.). 

Hence the dynatron satisfies the requirements for a 
radio generator. Its efficiency, however, is low, probably 
not more than 50 per cent., but in the case of small power 
outputs this is not a serious matter. So far the largest 
size constructed will give about 100 watts output in high- 
frequency oscillations. 

8. A modification of the dynatron, which has been called 
a ; pliodynatron , is constructed by enclosing the incandescent 
filament in a grid or spiral Of wire and bringing this spiral 
to a fourth terminal sealed through the glass. The grid is 
surrounded by a perforated cylinder which forms one anode 
and this again by another unperforated cylinder which forms 
the plate. These various electrodes enclose the filament 
without touching it or one another. The instrument is then 
a four-electrode hot cathode vacuum tube (see Fig. 98). 
The grid potential can be varied by external means, as in 
the case of the three-electrode valve. 

By giving the grid a positive or a negative potential W'e 
can vary the number of electrons leaving the hot cathode, 
and therefore vary the negative resistance of the tube. 
The negative resistance decreases with increasing grid 
potential and is inversely proportional. Hence, if the 
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tube is connected as above described to an oscillatory 
circuit and is creating oscillations, a slight decrease in 
grid potential will stop the oscillations. 

If the negative resistance part of the characteristic curve 
is not straight, but curved, then the oscillations are not 
abruptly stopped, but their amplitude is decreased in value 
when the grid potential is reduced. This is exactly what is 
required in a generator for radiotelephony, in which we 
require to control the amplitude of the oscillations by the 
varying current passing through a microphone. 



Fig. 93.—Perspective View of the Pliodynatron, a Four-electrode 
Thermionic Amplifier. 

We shall return again to this matter in Chapter VI., 
dealing with radiotelephony. The pliodynatron can also 
be used as a powerful voltage amplifier, as explained in the 
next chapter. 

9. We must now proceed to consider a little more in 
detail the conditions under which self-sustained oscillations 
can be produced by a three-electrode valve with a battery 
or source of direct E.M.F. in the plate circuit. 

In the present treatment we shall to some extent follow 
that in a paper on “ Oscillating Audion Circuits,” by 
Professor L. A. Hazeltine, published in the Proceedings 

166 



Radiotelegraphy and Telephony 

of the Institute of Radio Engineers , Neiv York , vol. vi., p. 63, 
April, 1918. 

We must refer again, in the first place, to the characteristic 
curve of a high vacuum three-electrode thermionic valve 
which for shortness sake we shall call a thermion . Although 
this term has already been used by Professor Richardson 
to designate the ions emitted by incandescent bodies, there 
seems no great objection to employing it to describe briefly 
an instrument which essentially depends upon this emission. 

Every thermion has one such characteristic curve (see 
Fig. 94), in which ordinates denote plate currents and 
abscissae grid patentials for a given temperature of the 
filament, the grid potentials being reckoned from that of 



Fig. 94.—Characteristic Curve of a Three-electrode Thermion. 


the negative end of the filament, which we shall call zero 
grid potential. The origin of the curve is taken at zero 
grid potential and the intercept of the curve on the vertical 
axis through the origin is the normal plate current. This 
normal plate current is fixed not only by the filament 
temperature and distance, size and shape of the anode 
plate, but by the E.M.F. of the battery in the plate circuit. 
For a good type of valve this normal current may be 4 to 5 
milliamperes when 100 volts are applied between filament 
and plate. 

When the grid is made positive this normal plate current 
increases, but not indefinitely. It reaches a certain satura¬ 
tion or maximum value beyond which increase of grid 
potential has no effect. If the grid is made negative the 

167 





The Thermionic Valve in 

plate current falls asymptotically to zero. It*is convenient 
in some respects to select a normal plate current corre¬ 
sponding to half the saturation value—that is, to select as 
the origin a point symmetrically situated as regards change 
of plate current. 

The effectiveness of the thermion as a relay depends 
chiefly on the slope of the characteristic curve near the 
origin. This slope, being measured by the quotient of 
plate current by a grid potential, is of the dimensions of a 
conductance, and has been called by Hazeltine the mutual 
conductance of the grid towards the plate and denoted by 
the letter g . 

In considering the thermion as an oscillation producer we 
may neglect the constant or steady part of the currents or 
voltages and fix attention only on the alternating or periodic 
part. In the same way it is convenient in diagrams to 
omit the filament-heating battery and plate circuit battery 
and to denote the thermion by a conventional symbol 
consisting of a circle with a loop, zigzag and bar in it to 

signify the filament, 
grid and plate. The 
effective or root- 
mean-square value of 
the periodic potential 
difference of filament 
and grid is called the 
“ grid voltage,” and 
denoted by E s . The 
same for filament and 
plate is called the 
“ plate voltage,” E^ 
and the periodic part 
of the plate current is 
denoted by I* (see 
Fig. 95), these being 
the usual positive cur¬ 
rent-direction values: 
If g is the mutual conductance, then I p =E g g. If at any 
moment the plate is positive with respect to filament there 
is an output of power from the thermion equal to P—E^I^ 
and therefore to E^E^g. Hence, if the thermion is to act as 
an oscillation generator, we must have P/E E^~g equal to 

168 



Fig. 95. —Conventional Diagram rep¬ 
resenting a Three - electrode 
Thermion. 


The symbols for the filament and plate 
batteries are omitted. F denotes the 
Filament, G the Grid, and P the Plate. 
Eg is the Potential of the Grid, and E p 
that of the Plate with respect to the 
Filament, T p is the Plate Current. 
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some possible value ol the mutual conductance as derived 
from the characteristic curve. The smaller, within limits, 
the value of PjEfip the more easily will the thermion oscil¬ 
late. If the thermion is connected to an oscillation circuit 
consisting of an inductance, L, and a capacity, <7, then 
oscillations can be set up in this circuit of frequency 
n—l/2n\/ CL. 

It is important to notice that in relation to impressed 
impulses of this frequency such an oscillation circuit behaves 
as if it were a nearly non-inductive circuit, and current in 
it is therefore in step with impressed voltage or E.M.F. 

Such a circuit has been called a flytcheel circuit , because 
the thermion acts the part of piston and slide valve, whilst 
the battery in the plate circuit supplies the power and is 
like the steady steam pressure in a steam pipe leading to 
the cylinder. There must, therefore, be a certain proper 
coupling between the oscillation or flywheel circuit and 
the grid and plate circuits, just as in a steam-engine the 
crank couples the piston to the flywheel, and the eccentric 
couples the slide valve to the piston tod crank in proper 
phase relation. Since the plate current is at a maximum 
when the grid potential is positive and at a maximum, 
and since the time-rate of change Of the plate current is 90° 
different in phase from the current itself, it is easy to See 
that if the plate circuit is coupled through ah air-core trans¬ 
former to the oscillation of flywheel circuit, the secondary 
E.M.F., and hence current induced in the oscillation circuit, 
will be 90° in phase behind the plate current. If, then, the 
oscillation circuit is coupled through another air-core 
transformer with the grid circuit the E.M.F. in the latter, 
and therefore the grid potential, will lag 90° behind the 
oscillation circuit current, and therefore 180° behind the 
plate current. But by a proper connection of the circuits 
the grid potential may therefore be caused to be positive 
and at its maximum when the plate current is a maximum, 
and to be a zero potential when the plate current has its 
mean value and a negative maximum wdien the plate 
current is at its minimum value. This secures the right 
phase relation of grid potential and plate current. Over 
and above the statement as to the Correct phase relation 
of the Currents, potentials and electromotive forces in the 
plate, grid and oscillation circuits we have to explain how 
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it comes to pass that the battery in the plate circuit provides 
energy to maintain the oscillations. The oscillation and 
plate circuits possess resistance in their metallic circuits 
which, small though it may be, dissipates energy and 
damps out free oscillations. Hence, in order that these 
oscillations may be maintained, the battery must provide 
power equivalent to the Pr losses in the several circuits, 
where 1 is a current and r the ohmic resistance of the circuit 
in which it flows. The resistance of the plate circuit is 
partly metallic or constant, consisting of that of the wires 
and internal battery resistance, and partly due to the 
resistance of the highly-rarefied gas or of the vacuous space 
between plate and filament. This latter part has a con¬ 
ductivity which is a function of the current through it, 
and it increases with the current within certain limits. 
Corresponding, then, to the rising part of the characteristic 
curve we may draw a conductivity curve which is concave 
upwards, showing that the conductivity of the vacuous 
portion of the circuit increases with the current. Hence, if 
we consider that the normal current sent by the battery 
through the plate circuit is first increased by a certain 
amount and then decreased by an equal amount, the work 
done by a battery of constant E.M.P. will be increased in 
the first case by a larger amount than it is decreased in the 
second case, provided we are working at a suitable point 
on the characteristic. It follows from this that when the 
plate current oscillates more power is drawn from the 
battery than when the plate current remains steady or 
constant. 

Part of this excess power is transferred by the coupling 
to the oscillation or flywheel circuit and serves to maintain 
the oscillations in spite of the damping due to resistance, 
and the impulsive electromotive force necessary to counteract 
the damping is applied just at the right instant and in the 
right direction—viz., when the current in the oscillation 
circuit is just beginning to flow. We may therefore consider 
the result of the periodically varying grid potential to be 
that the conductivity of the vacuous space is thereby changed 
so that it is increased when the grid is positive and decreased 
when the grid is negative, but in such fashion that for 
equal increments and decrements of plate current the 
battery is called upon to give more power during the increase 
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than during the decrease, although on the whole yielding 
an increase of power whilst the current oscillations last. 
This excess of power furnishes that required to supply the 
energy loss due to the resistance of the circuits in which 
oscillations are taking place. The simplest form of ther¬ 
mionic oscillation-creating circuit is that delineated in 
Fig. 82, in which the plate and grid circuits are both coupled 
by air-core transformers to the oscillation or flywheel 
circuit. The plate or repeat circuit may be called the 
piston circuit and the grid or control the slide-valve circuit, 
to keep up the valid analogy with the steam-engine. We 



Fio. 96.—Conventional Diagram showing Connections for Establishing 
Undamped Oscillations in a Condenser-inductance Circuit, C, L, R, 
by a Three-electrode Valve, provided <7=C L R/M g M p . 


can obtain an expression for the conditions which must 
hold in order that oscillations may be produced in the 
circuit in Fig. 96, as follows : 

Let R be the resistance of the oscillatory or flywheel 
circuit and consider that the resistance in the battery or 
plate circuit may be neglected. 

Let I be the current, G the capacity and L the inductance 
of the flywheel circuit, and let M* and M g be the mutual 
inductance of the coupling of the flywheel and plate or 
grid circuits respectively. Let g be the mutual conductance 


I P 

of plate and grid circuit as above defined. Then ™ 

as above. But P must be equal to PR and E g —IpM g ; 
also E p =IpMfi, where p—2: m, and n is the frequency of 
the oscillations. 
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Hence, substituting, we have 

_ B _ CLR 

g -fM e M-M e M, 

since ^=1 jCL 

But the quantity, CLR/M g M„ must fall numerically 
within the possible limits of the value of g , as given by the 
characteristic curve of the thermion. It is easy to see that 
g cannot exceed a certain value—viz., the tangent of the 
angle of slope of the characteristic curve at the origin. 
Also, there is a lower limit to the value of g —viz., the 
ratio of IJE g when I p reaches its saturation value. Oscilla¬ 
tions will, therefore, only be produced if CLR/M g M+ falls 
within these limits. This generally implies that the coupling 
of the transformers must be close. 

There are a very large number of ways in which the grid 



Fig. 97.—Conventional Diagram illustrating the Production of Oscilla¬ 
tions in a Condenser Circuit. C, L, by a Threc-electrode Thermion, 
provided R/M. 

and plate circuits can be coupled so as to produce persistent 
oscillations by the thermion. 

A number of such possible schemes of connection are given 
in the paper by Professor L. A. Hazeltine ( loc . cit.). 

One such connection, which has been much used, is as 
shown in Fig. 97. It is the basis of one of E. H. Armstrong’s 
methods of using the thermion. The plate circuit is 
inductively coupled with the inductance, which is a shunt 
across the condenser in the tuned grid circuit. 

With the same notation as above we can obtain the oscilla¬ 
tion condition as follows : 

We have, as before, a=//, but E {f = —if we assume 
y . ‘ JpC 

that 1 ami arc vectors and j has the usual signification 
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of V —1. Also, we can express in complex notation the fact 
that the total voltage round the oscillation circuit is zero 
by the equation 

I (R+jpL+J^) +I t jpM=0 

Eliminating I and 1+ by the help of the expressions l^E^ g 
and E g ~ —I/jpC, we have the expression 

^ . -r 1 ^ 

r +JP l +j^q- "q- 0 

Hence f=ljCL, and g=CR/M. 

Accordingly the value of CB/M must fall within the 



Fig. 98. —Scheme of Connections of Three-electrode Thermion Coupled 
to Two Oscillatory Circuits. 

CiRi+C 2 R 2 
9== ^ 

limits of a possible value of g , as derived from the character¬ 
istic curve. 

It is evident, therefore, that we can derive the condition 
for oscillations either by equating the power Joss in the 
oscillation circuits to the output of power by the thermion— 
viz., P=gE g E i> , or by writing down a set of complex expres¬ 
sions indicating that the total voltage in passing round 
each network or cycle of the system is zero. 

This latter method gives exact results and can be applied 
to any scheme of connections, however complicated. Thus, 
for instance, let us consider the more complicated case 
delineated in Fig. 98, Here we have not only a plate, grid 

178 




















The Thermionic Valve in 


and oscillatory circuit, but a second oscillatory circuit 
inductively connected with the first oscillatory circuit. 
This latter may be called an auxiliary circuit. 



Fig. 99.—Scheme of Connections of Three^elcctrode Thermion, Coupled 
to a Single Oscillatory Circuit. 

L = L g +L p +2 M R =Rg+R p 

g= _ CLR _ 

(Lg+M) (h p + M) 

Let l x and I 2 be the currents in the two oscillatory 
circuits and I^ the plate current. Then the voltage equations 
are 

(ft, +jpL t +j p Q i ) Ii+jpMn Ii+jpM u I t =0 
(i? 2 +jpL 2 Iz+jpMl2 II 

[ _A = 4 

jpGi 9 



Fig. 100.—Scheme of Connections Equivalent to the Uitraudion of 

de Forest. 


Ci = C+^ p 


p+Cg 


C*R (Cg+C p )* 

<! ~ L CgCp 


Eliminating I lr l t and from these three equations and 
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separating real and imaginary parts we obtain the 
equations 

(1 —pPC x Iji) (1 —jPC^^ — fjpCiRi—pMxpg) pG^Rz 

-p i C 1 C t M 2 lt —0 

(1 -fCJ,,) C 2 R 2 + ( 1 -fC 2 L 2 ) {C 1 R 1 —M lp g)—0 

If we eliminate M lp g we obtain a cubic equation in p, 
showing that there are three possible frequencies of oscilla¬ 
tion. If we tune the two oscillation circuits and make 
(7 1 L 1 =C' 2 L 2 we obtain for the value of g the equation 

CxRi+CzR* 

.Hazeltine has given ( loc . cit.) a large number of schemes 
of connection in which two oscillatory circuits are inter¬ 
twined and coupling effected by transformers or condensers. 
Two modes of connection for oscillation generation in a single 
circuit are delineated in Fig. 99 and Fig. 100. The value of g 
for each case is given under the diagram. The diagram 
Fig. 99 is equivalent to a mode of connection known as the 
“ Western Electric ” circuit, and Fig. 100 is equivalent to a 
scheme of connections which has been called by de Forest 
the “ Ultraudion.” In connection with this part of the 
subject the reader may be referred to a Paper by Captain 
E. V. L. Appleton, R.E., “ A Note on the Production of 
Continuous Electrical Oscillations by the Three-Electrode 
Valve,” in The Electrician for December 27th, 1918. 

We shall return to the consideration of some of these 
thermionic circuits for oscillation generation in dealing 
in the next and following chapters on the thermionic 
detector as used for radiotelegraphic reception and radio- 
telephonic transmission. 
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Thb Thermionic Detector in Radiotelegraphy. 

1. We have now to consider more in detail the various 
arrangements of circuits and methods of employing thermi¬ 
onic appliances in radiotelegraphic reception for the detec¬ 
tion and amplification of the feeble electric oscillations set 
up by incident electromagnetic waves in the receiving 
aerial wires of a radiotelegraphic station. 

One great advantage possessed by all the types of thermi¬ 
onic detector, whether Fleming valve or any subsequent 
three- or four-electrode development, is that these instru¬ 
ments are proof against any damage by atmospheric electric 
discharges or stray waves, which are the bugbear of the radio- 
telegrapbist. The various kinds of crystal detector and the 
metallic filings coherer and electrolytic detector are liable to 
be put out of adjustment or rendered insensitive by such 
irregular or excessive discharges. One other type of 
detector—viz., the Marconi magnetic detector—shares with 
the thermionic devices this immunity. 

Moreover, the thermionic detectors can be used to eliminate 
stray or violent vagrant waves in virtue of the fact that they 
are not only oscillation-defecting but current-limiting 
devices. As we have already shown, the operation of a 
gradually increasing voltage applied to a vacuous space, 
whether perfect vacuum or highly rarefied gas, by means of 
an incandescent cathode and cold metal anode is to bring 
the thermionic current up to a certain limiting or saturation 
value. Hence, such an instrument becomes a means of 
stopping out currents which exceed a certain strength. 

The thermionic valve is therefore either an oscillation 
rectifying and detecting device, an oscillation producing or 
current amplifying instrument, or a current limiting appli¬ 
ance according to its construction and the way in which it 
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is used in receiving arrangements. Also, in virtue of its 
oscillation generating powers, it can be employed in the 
detection of continuous oscillations by methods called 
heterodyne or beat-reception as well as for the detection 
and amplification of trains of damped waves. 

Furthermore, it is not only a qualitative detector, but a 
quantitative one, and its response bears a definite relation 
to the amplitude of the incident electric waves or to the 
strength of the oscillations in the receiving aerial, and 
therefore it can be used in radiotelephonv. We shall 
accordingly consider here its practical use in these various 
capacities. 

2. In its original two-electrode form, comprising one 
•incandescent cathode and one cold metallic anode, it can 
rectify electric oscillations, and therefore detect trains 
of electric oscillations arriving at intervals of time com¬ 
parable with audio-frequency by converting them into 
gushes of unidirectional electric current, which are therefore 
capable of affecting a telephone receiver. 

The impedance of an ordinary Bell receiving telephone is 
much too large to pass any sensible current under electro¬ 
motive forces reversed several hundred thousand times a 
second, and, even if it could, the inertia of the telephone 
diaphragm is too great to permit it to respond. Also the 
human ear is not sensitive to aerial vibrations of greater 
frequency than about 20,000 per second as sound. Hence, 
electric oscillations per se cannot affect the telephone plus 
human ear combination directly. If, however, these 
oscillations come in damped intermittent trains having a 
train- or audio-frequency of anything between 100 and 1,000 
per second, and if these groups of oscillations are rectified 
by inserting a thermionic valve in series with the telephone, 
then the telephone is traversed by gushes of electricity which 
have a frequency suitable for affecting it and the ear, and 
can create sound signals. The simplest application of the 
two-electrode thermionic valve is, therefore, to connect one 
terminal of a high-resistance telephone (2,000 to 4,000 
ohms) to one terminal of the condenser in the closed receiving 
oscillation circuit, and to connect the other terminal to the 
hot cathode or filament of a Fleming oscillation valve the 
cold anode or plate of which is connected to the second 
terminal of the receiving condenser. 
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The physical action is then as follows : When electric 
waves strike the aerial, A , they set np oscillations in the 
closed condenser circuit, L, C (see Fig. 101). The terminals 
of the condenser would then become electrified alternately 
plus and minus, but if the anode of the valve, P, is connected 
to one condenser terminal, then when this becomes positively 
electrified it is instantly discharged by the negative electrons 
emitted by the hot cathode, F. If it is negatively charged 
it is unaffected. The vacuous space between the cathode 
and anode may therefore be regarded as having an infinite 
resistance to electric current tending to flow (in the usual 



Fig. 101. —Connections for use of Fleming Valve as a Simple 
Rectifyteii Betector in a Radiotelegrapiiic Receiver. 

A, Aerial. L t L. Jigger. C, Tuning Condenser. V, Valve. F, Incan¬ 
descent Filament. P.S. Telephone Transformer. T, Telephone 
Reeei ver. 


sense) from the filament to the plate, but a finite and not 
very high resistance for current in the opposite direction. 
Hence, if a high-resistance telephone receiver is connected 
in series with the thermionic valve, and the two placed as a 
shunt across the condenser in the receiver circuit, at each 
spark discharge at the transmitter a rectified train of 
oscillations or a simple unidirectional but pulsating flow of 
electricity passes through the telephone. If the sparks 
succeed each other at regular audio-frequency, the sounds 
created in the telephone run together into a musical note, 
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and this can be cut up into Morse code signals by manipula¬ 
ting the key in the transmitter circuits. The two-electrode 
or Fleming valve, with filament rendered incandescent by a 
4-volt storage battery of 2 cells associated with a high- 
resistance head telephone, constitutes a simple, very efficient, 
and much-used type of radiotelegraphic signal receiver for 
short or moderately long-distance work. In addition to its 
use as a simple rectifier of oscillations, which function can be 
performed either by an extremely high-vacuum bulb or by 
a moderately high-vacuum valve, there is a second mode of 
use as a detector, which depends upon the fact that in valves 
of not extremely high vacuum the characteristic curve 
may have somewhat sudden changes of curvature at certain 
•points. In general, this is due to the commencement of 
gaseous ionisation at some potential difference of cathode 
and anode resulting in a marked and rather sudden increase 
in thermionic current. 

We have already explained in Chapter II. this mode of 
use which consists in applying a certain D.C. boosting voltage 
in the external circuit connecting the cathode and anode. 
If, then, an alternating electromotive force is superimposed 
by inserting in the same circuit an oscillation transformer, the 
mean value of the current may be greater than when this 
latter E.M.F. is not superposed. Hence the result is an 
increase of current through the telephone, which may be 
greater than that due to the simple rectification of the 
alternating current taken by itself if the change of curvature 
in the characteristic is sufficiently great. 

In certain valves prepared by the author this method of 
using them gave a great increase of sensibility, but it was 
not found possible to repeat in manufacture with any 
certainty a valve having a particular form of characteristic 
which depends upon special conditions of ionisation of the 
residual gas in the bulb at a certain exact pressure. 

3. In the case of the three-electrode valve it may be used 
either as a simple detector or as an amplifier of radio- or 
audio-frequency. 

In the first case some form of connection must be employed, 
such that the alternating current forming a group of oscilla¬ 
tions of high frequency is converted into a single wave of 
current through the telephone. 

The usual method is to make use of the valve action 
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between the filament and grid to charge a small condenser, 
C l9 called a stopping condenser, which is inserted between the 
grid and the condenser, G, in the closed oscillation receiving 
circuit. (See Fig. 102.) 

At each train of oscillations' this stopping condenser 
becomes negatively charged on the side connected to the 
grid. The emission of negative electrons or ions from the 
incandescent filament bestows on the space between filament 
and grid a unilateral conductivity. Hence tho oscillations 
are rectified. This action is identical with that in the simple 
two-electrode valve. The negative charge on the grid then 



Fig. 102. —Connections for Use of a Three-electrode Valve as a 
Detector in a Radiotei egrapitic Receiver. 

A, Aerial. Lj L, Jigger. C, Tuning Condenser. C lt Stopping Con¬ 
denser. V, Valve. Bj, Valve Battery. B 2 , Boosting Battery. 
T, Head Telephone Receiver. 

suddenly reduces the plate-filament current due to the 
boosting battery, J5 2 , and this creates a sound in the tele¬ 
phone. The negative charge on the grid then leaks away, 
and to aid this leakage the insulation of the stopping con¬ 
denser should not be too good. The process then repeats 
itself at each train of oscillations. If the valve is worked 
at a suitable point on the characteristic curve and th3 
boosting voltage in the plate circuit properly adjusted 
the sound in the telephone may be louder than if the simple 
rectified oscillations are passed through it, and hence an 
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advantage gained by the use of the three-electrode form 
of valve. The degree of amplification is, however, a rather 
uncertain quantity and depends ot a arge extent on the 
precise point on the characteristic curve at which the 
fiiament-plate circuit is adjusted. It also depends on the 
degree of additional gas ionisation which may occur at this 
point. Hence, when using not very highly exhausted three- 
electrode valves there will in general be great differences in 
the amount of current amplification or loudness of the 
telephone sounds for given constant received signal currents 
in the aerial wire. 

In high-vacuum valves these differences do not exist 
and more constant results are obtained ; but then there are 
♦modes of connection making use of reaction between the 
grid and plate circuits which give better results than the 
simple “ valve ” use as above described. 

We have already in Chapter III. pointed out that there 
is a second mode, described by E. H. Armstrong, of using 
the three-electrode valve quite analogous to the author’s 
second method of using bis two-electrode valve, which 
depends upon working at a particular point in the charac¬ 
teristic curve of the grid-filament circuit. In this latter 
method, in addition to the filament-heating battery and 
battery in the plate circuit, we make use of a third battery 
with potentiometer shunt, as shown in Fig. 61, Chapter III., 
and thereby apply to the filament and grid a potential 
difference which corresponds to a point of change of curva¬ 
ture on the characteristic curve near the place where it 
bends over horizontally either above or below the point of 
symmetry. If, then, an alternating electromotive force is 
superimposed by the receiving circuits on this steady 
E.M.P. there is a sudden increase or decrease in the current 
flowing in the filament-grid circuit, due to the same action 
as in the case of the two-electrode valve when used in the 
author’s second mode. This increase or decrease in the 
filament-grid circuit is accompanied by a sudden increase or 
decrease in the current in the plate-filament circuit. If the 
telephone is shunted by a condenser, C x (see Fig. 61, 
Chapter III.), this latter becomes charged and the charge 
leaks away through the telephone, thus creating a momen¬ 
tary increase or decrease of the telephone current and 
therefore a sound in the telephone, the frequencv of 
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which is that of the spark or discharger in the 
transmitter. 

With regard to the connection of the telephone it may 
be remarked in passing that it is generally advisable to 
connect the telephone inductively with the plate circuit and 
not to insert the telephone directly in the plate circuit, where 
its high impedance will throttle the current variations in 
and reduce the strength of the plate current unless the 
telephone is shunted by a condenser. 

Generally speaking this “ valve ” use of the three-electrode 
valve does not give better results in reception than can be 
obtained by a good two-electrode or Fleming valve or a well 
adjusted crystal rectifier, 

4. A very large number of modes of use of the three- 
electrode thermion have, however, been devised in which 
it is made to act as an amplifier of oscillations, and in com¬ 
bination with some form of crystal electrolytic rectifier or 
simple rectifying two-electrode valve is thereby employed 
to build up a receiving arrangement of great sensitiveness to 
high-frequency oscillations. 

As already explained in Chapter III., we may in this 
operation amplify the high-frequency oscillations themselves, 
which is usually called radio-amplification, or else we may 
magnify the rectified gushes or unidirectional flow of 
electricity corresponding to such train of damped oscilla¬ 
tions. This latter process is called audio-amplification. 
Finally, we may combine together the two magnifications. 
In cases in Avhich we are dealing with radio-amplification the 
oscillation transformers used in circuits must be air-core, 
and condensers need generally to be only of small capacity 
and may be variable capacity air condensers. In those 
circuits in which currents of audio-frequency are circulating 
transformers with iron cores and condensers with oil or 
ebonite or mica dielectrics can be emplo}^ed, as in those cases 
the tuning generally requires large inductances or capacities. 

In connection with these methods pf amplification the 
function of the three-electrode valve is to create in the 
plate circuit variations of a current which repeat or reproduce 
variations in the potential of the grid. Since the capacity 
of the grid and wires connected thereto is generally small 
the energy required to make a considerable variation in 
grid potential is small. Nevertheless the corresponding 
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changes in plate current may convey to some signal-making 
instrument, such as a crystal rectifier and telephone, a very 
much larger amount of energy in virtue of the relay action 
of the thermion in releasing energy from the plate circuit 
battery. 

The simplest method of radio-amplification is therefore 
to connect the grid and filament of the thermionic valve to 
the terminals of the tuning condenser in the closed receiver 
circuit. The plate of the condenser connected to the grid 
then becomes alternately charged + and —. The grid 



Fig. 103 . —Connections for Use of a Three-electrode Valve as 
an Amplifying Relay to Operate a Crystal or Other 
Detector. 


C* Crystal Detector. T, Telephone Receiver. B x , Filament Heating 
Battery. B*, Boosting Battery. NL 3 , Jigger coupling Circuit 
I , 3 C 3 to the Plate Circuit. 

therefore is alternately raised and lowered in potential and 
creates in the plate current an increase or diminution which 
is equivalent to superimposing an alternating high-frequency 
current upon the steady D.C. plate current. This alternating 
part of the current can be transferred by an oscillation 
transformer to a tuned oscillation or flywheel circuit and to 
the terminals of the condenser in this circuit a crystal 
detector such as a carborundum crystal or a contact of zincite 
and chalcopyrite in series with a high resistance Bell tele¬ 
phone can be connected. (See Fig. 103.) The crystal then 

183 





































The Thermionic Valve in 


gets the benefit of the augmented power drawn from the 
battery, B 2y in the plate circuit, and the arrangement 
constitutes a crystal detector operated through a thermionic 
relay instead of directly by the received oscillations of small 
power. 

Another typical mode of connection is shown in the dia¬ 
gram in Fig. 104 taken from a British specification No. 8,821 
of 1918. 1 

Tn this mode of connection a battery is shown inserted in 
the grid circuit, but the usual tuning condenser is omitted. 

It is, however, an ad¬ 
vantage to give a 
definite period of 
oscillation to ihe grid 
circuit by the inser¬ 
tion of a condenser to 
make a closed oscilla¬ 
tion circuit coupled 
to the antenna and 
syntonic with it. 

The variations of 
potential created in 
the grid are then re¬ 
peated as current 
variations in the plate 
circuit. These are 
transferred by an in¬ 
ductive coupling 
through a transfor¬ 
mer, B (see Fig. 104), 
to a closed circuit 
which contains a 
crystal or electrolytic 
detector, Z, and a telephone, m, as a shunt to the condenser 
in the crystal circuit. The rectifying detector, Z, may be 
replaced by a Marconi magnetic detector if necessary. 

The degree of magnification obtained by the use of the 
thermionic relay depends to some extent upon the vacuum 
in the bulb. With very high vacua a current amplification 

1 Application by the Wireless Telegraph Company of Berlin. This 
arrangement is probably due to A. Meissner, but no name of a personal 
inventor is given in the specification. 
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Fig. 104 . —Connections for Use of a 
Three * electrode Valve as an 
Amplifying Relay on a Crystal 
Detector. 

/, Crystal Detector, m. Telephone Receiver. 
R, Coupling Transformer, a, Three- 
el eet rode Valve. 
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of 1 to 4 or 5 may be obtained, but with lower vacuum or 
soft bulbs in which gaseous ionisation takes place a higher 
magnification of 1 to 10 or thereabouts is obtainable. This 
refers, of course, to a single thermion without use of the 
reaction coupling between grid and plate circuits. 

5. An important improvement on the above simple relay 
method of using the thermion was introduced by Lieut. 
C. S. Franklin in 1913, 1 who availed himself of the property 
of the tbree-electrode valve of generating oscillatory energy 
as follows : 

Franklin coupled together the grid and plate circuits, as 
shown in Fig. 105, by a transformer, m n. the coils of which 
could be separa¬ 
ted so as to vary 
the mutual in¬ 
ductance. If the 
coupling is too 
close, then, as 
shown in the 
previous chap¬ 
ter, the thermion 
will generate 
oscillations. 

There is, how¬ 
ever, a certain 
limiting value of 
the coupling 
beyond which 
the oscillations 
are not produced or sustained. The arrangement then 
stands ready to oscillate when the smallest impulse is 
given to it by incoming energy from the aerial wire. 
The feeble incoming electric vibrations have energy 
added to them derived, of course, ultimately from the 
battery in the plate circuit, and the energy not only acts to 
annul the damping of the received signal oscillations by the 
resistance of the circuit, but even more than neutralises it 
and imparts what may be called a negative decrement to the 
receiving circuits. The so sustained and amplified oscilla- 

1 See British Patent Specification No. 13,636 of June 12th, 1913, 
filed by Marconi’s Wireless Telegraph Company, Limited, and C. S. 
Franklin. 



Fig. 105.—C. S. Franklin’s method of using a 
Threc-cleetrode Valve with Grid and Plate 
Circuit Inductively Coupled by a Transformer, 
mnto act as an Amplifying Relay on a Crystal 
Detector, q. 
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tions are then made to act on a crystal or other rectifying 
detector, q (see Fig. 105), placed in series with a telephone 
receiver, i. A battery, with terminals connected by a 
potential dividing resistance, p 1 , is employed in series with 
the telephone and crystal rectifier so as to operate at the 
most favourable point on the characteristic of the said 
rectifier. 

A number of somewhat similar arrangements were sub¬ 
sequently patented by Von Arco and A. Meissner in 1914 
(British Patent Specification No. 252, of January 5th, 

1914). 

One of their schemes of connection is shown in Fig. 106, in 



Fig. 106.—Connections for use of a Lieben-Reisz Thermionic Relay to 
Operate a Crystal Detector as a Radio telegraphic Receiver. (Von 
Arco and A. Meissner.) 


which the Lieben gas relay is employed as the thermionic 
valve. 

It will be seen that the grid 4 of the valve is caused to 
oscillate in potential by the oscillations in the aerial wire 13 
transferred to it by the transformer 14-8. This creates 
oscillations of current in the plate circuit 9-10-11, in which 
the D.C. dynamo 10 provides the steady E.M.F. The 
plate circuit is coupled to the grid circuit through the closed 
oscillatory circuit 12-16-15-17 by the two transformers 
11-16 and 12. The crystal detector 19, in series with a 
telephone 21, is placed as a shunt across the secondary coil 
of the transformer 16. The various circuits are tuned by 
the variable condensers and inductances to the frequency 
of the incoming waves. The oscillations set up in the closed 
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circuit 12-16-15-17 by the aerial wave oscillations acting 
through the transformer 12 are strengthened by the inductive 
action of the oscillations in the plate circuit 3-9-11-10, which 
latter are themselves reinforced by the reaction of the plate 
and grid circuits taking place through the closed detector 
circuit 12-16-15-17, which acts in this case as a flywheel 
circuit. 

Some useful practical information as to the management 
of such amplifying valve detector circuits was given in an 
article on the three-electrode' valve published in The Wireless 



Fio. 107.—Connectious fox' use of a Three-electrode Valve as an Ampli¬ 
fying Relay in Conjunction with a Crystal Detector, Cr, and Tele¬ 
phone. T. 


World for June, 1917, which we reproduce here by 
permission. 

The scheme of circuits is shown in Fig. 107. It will be seen 
that the aerial, A , has a tuning coil, L u and a variable 
capacity, C x in series with it, and also the primary circuit, 
L ly of an oscillation transformer. The secondary circuit, 
L 2 , is in series with another coil, R, which is in mutual 
inductance with an inductance, L 3 , in the plate circuit of 
the valve. In the secondary circuit the variable condenser, 
C 2l completes an oscillation circuit, which is tuned to the 
aerial. The filament of the valve is generally made to be 
incandescent bv a 4- to 6-volt battery, B ly with rheostat in 
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series. The condenser circuit, L 2 C 2 , is connected to the 
grid, G, of the valve and to the filament through a battery, 
B 2 , of 10 to 12 volts, closed by a rheostat, S, serving as a 
potentiometer wire. The function of this battery is to 
create a difference of potential between the filament and 
grid of required amount. The plate, P, is connected 
through an oscillation circuit, L 3 <7 3 , with the plate battery, 
P 3 . This battery has its negative pole in connection with 
the filament. Across the terminals of the inductance, L 3 , 
is connected a crystal, Or (carborundum), detector in series 
with a battery of a couple of cells short-circuited by a 
potentiometer wire. The telephone, T, is in series with 
this battery. The coil, B, in the grid circuit is coupled 
inductively to L 3 , and this coupling can be varied. It 
should be fairly loose. There is a certain degree of coupling 
which is best. If it is too close the valve circuits set up a 
self-sustained oscillation and a howling noise is heard in the 
telephone. The coupling of B and L 3 must then be reduced 
until this noise just ceases. There are three tunings to be 
performed. 

(1) The aerial has to be tuned to the incoming wave¬ 
length by the variable capacity G x and inductance L x ; 
(2) the oscillatory circuit, C 2 L 2 , connected to the grid has 
to be tuned to the aerial; (3) the plate circuit, G 3 L 3 , has 
to be equally tuned ; and (4) the coupling of B and L 3 has 
to be adjusted so that any continuous sound in the telephone 
is stopped. The character of this noise, when the coupling 
of B and L z is a little too close, affords a valuable means of 
correcting other adjustments. If the noise is very high 
pitched or shrill the crystal potentiometer contact should be 
moved away from the centre so as to increase the applied 
E.M.P. in the crystal circuit. If the noise is very low 
pitched, more like a succession of clicks, the contact should 
be moved in the opposite direction. As regards the valve 
grid potentiometer (battery B 2 ), we adjust as follows: 
Set the coupling of the reaction coil B and L 3 so that the 
noise in the telephone just disappears. Then vary the 
position of the slider on rheostat 8 until this noise reappears 
or is loudest, and this is the correct setting for the valve 
potentiometer. If the valve used is a “ soft ” one or one 
not having a very high vacuum, then the best effects are 
obtained by working at a particular point on the charac- 
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teristic. The plate voltage used with such soft valves is 
generally 20 to 40 volts or so, whereas with “ hard ” or 
high-vacuum valves an E.M.F. of 100 volts may be used 
with advantage in the plate circuit. In soft valves if too 
high a plate voltage is used a blue glow appears in the valve, 
due to gas ionisation. The correct plate voltage can be 
found by sliding the valve potentiometer right to one end 
so as to make the grid as positive as possible and then 
increasing the plate voltage step by step until a faint glow 
can be seen in the valve in the dark. In the case of valves 
provided with a vacuum-reducing side tube containing a 
pellet of asbestos or some material which evolves gas or 



Fig. 108,—Connections for use of two Three-electrode Valves in Cascade 
as Amplifying Detector. The Plate Circuit of the Valve, V lt 
is coupled to the Grid Circuit of Valve, V* by the transformer, J, 
T is the Telephone Receiver in Plate Circuit of Valve V r 

slight heating, the operator has it in his power to adjust the 
vacuum within certain limits. Generally speaking, better 
results can be obtained by the skilful use and adjustment of 
soft valves than with very hard ones ; but the hard valves 
are most constant and easier to manipulate. In the use of 
any form of valve it is important not to overrun the filament 
by applying too much E.M.F. in the filament-heating battery, 
as this greatly shortens the life of the valve. Experience 
alone shows at what brightness the filament should be 
worked. With tungsten filaments it is equivalent to about 
1*25 watts per candle-power; with carbon filaments, not 
much under 3 watts per candle-power is admissible. 
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As regards telephones it is best with valve receivers to 
use low resistance telephones coupled, as in Fig. 3, by a 
transformer to the crystal circuit. 

6. When greater magnification is required than can be 
obtained with a single thermionic relay we can resort to the 
method of cascade working in which two or more such relays 
are joined in series and in each individual relay we may or 
may not apply the reaction principle by coupling the grid 
and plate circuits. 

In the case of the simple cascade the plate circuit of the 
first valve is inductively coupled to the grid circuit of the 
second valve, as in Fig. 108, which represents two 



Vcalve. (N.B.—The bulb of each valve is not shown in the 
diagram.) M 3 is the Caseade Coupling Transformer, and M 2 , M, 
the Re-enforcement Transformers. 

high-vacuum three-electrode thermionic amplifiers in 
cascade. 

In the small pliotron, described in Chapter III., an increase 
in potential of the grid by 1 volt increases the plate current 
by 1 milliampere, and with suitable arrangements the 
current amplification can be made 1 to 100 for a single 
instrument. Hence, with two in cascade the multiplying 
power may be as much as 10,000. 

By combining with the cascade arrangement the reaction 
principle in each thermionic relay very large amplifying 
power may be obtained, but when working with spark 
transmitters careful adjustment is then necessary to prevent 
either thermion from starting oscillations on its own account. 
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An arrangement of high magnifying power for the 
reception of spark signals is given by E. H. Armstrong in 
the paper already mentioned. It is shown in Fig. 109. In 
this it will be seen that the two thermionic relays are 
coupled through the transformer M 3 and that in each the 
grid and plate circuits are coupled by the reaction trans¬ 
formers M 2 and M 4 . 

The arrangement, however, requires some skill in setting 
up to avoid causing one or both of the systems to start 
generating oscillations. 

The first system should be brought nearly up to the point 



Fig. 110. —Tv o Three-electrode Valves! in Cascade, the First 
giving Radio-amplification and the Second Audio-ampli¬ 
fication. 

D is the Crystal Detector and H the Head Telephone Receiver. 

of oscillation generation by increasing carefully the closeness 
of the coupling of transformer M 2 . Then when the same 
is done for the second system at M 4 it wall be found that the 
second system absorbs energy from the first, and the 
coupling of M 2 can be made a little closer without setting up 
a continuous sound in the telephone. By careful adjustment 
of all three couplings, M 2 , M z , anr] _M 4 , it is possible to 
obtain an amplification of about 1,000 times with very sharp 
tuning. 

We have already mentioned in Chapter III. that by the 
use of coupling transformers with iron cores we can amplify 
the currents of audio-frequency and we can operate two 
three-electrode thermionic relays in cascade, one of which 
amplifies the radio-currents and the second the audio¬ 
currents as shown in the diagram in Fig. 110. 

7. We must next pass on to consider the use of the three- 
electrode thermion in the detection of continuous or 
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undamped oscillations and electric waves. This depends 
essentially upon the power to produce electric oscillations 
and hence to create what are known as “ electric beats.” 

It is a broad general principle that when two sets of 
vibrations of any kind having slightly different frequency 
commingle at one place in a medium the amplitude of the 
resultant oscillations increases and decreases in a periodic 
manner, creating what are called “ beats ” in acoustics. 
The total number of beats per second is equal to the dif¬ 
ference between the numbers representing the frequencies 
of each vibration separately. 

The rough proof of this theorem is as follows. Let the 
displacement due to one set of vibrations be represented by 
d at any instant t and let that of the other be d 1 . Let D 
and D 1 be the maximum displacements respectively. Then 
if the displacement follows a sine law we can write 

d=D Sin Where T is the periodic time, and also 

d 1 =D 1 Sin(^t + 0^ where 6 is an angle of phase difference. 

Let 27r/T=n and 2 tt jT l —n x where n and n 1 are the respective 
frequencies. For the sake of simplicity we shall consider 
the phase difference 0 as non-existent. Then the total or 
resultant displacement when both vibrations are super¬ 
imposed is d+d l =D Sin 2 nnt+D 1 Sin 2t mH. 

Suppose, then, that D is very nearly equal to D 1 and n to n 1 . 
We can then, by a well-known trigonometrical theorem, 
write : 

d + d l =[zD Cos 2n l t] Sin 2t ml. 

Hence we see that the maximum amplitude is periodic 
n — n i 

and equal to 2 D Cos 2tt- t. The frequency or number of 

complete periods in this periodic variation of the ampli¬ 
tude is (n — n 1 )/^. But this implies that the number of 
maximum amplitudes or beats per second is n — n 1 , since a 
maximum amplitude occurs each half period of the beat. 
The number of beats is therefore n —n 1 . If therefore a 
graphic representation is made of the result of adding two 
simple periodic curves of slightly different wave-length or 
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frequency we should obtain a curve of varying amplitude, 
as in Fig. 111. 

Suppose, then, that two simple periodic currents are passed 
through a Bell telephone, and let one of these currents 
have a frequency n and the other n 1 we should hear in the 
telephone a periodic waxing and waning in the sound, these 
maxima or beats coming with a frequency n—n 1 provided 
n and n 1 are not very different. 

Upon this fact a method of detecting continuous high 
frequency oscillations is founded. Let us suppose that in 
an aerial there are high frequency continuous oscillations of 
frequency n ; we could not by any of the ordinary spark or 



FiG. 11L—Addition of two Periodic Curves, A and B, of slightly different 
Wave Length, giving a Compound Periodic Curve, C, showing 
“Beats ” or Variations in Amplitude. 


above-described methods of reception detect them, because 
these methods essentially depend upon the existence of a 
regular series of interruptions or intermittencies in the train 
of waves. 

Suppose, then, that we create in the aerial wire by local 
means continuous oscillations differing slightly in frequency 
from those created by the incident signal waves. The result 
will be to create a series of electrical “ beats ” in the aerial 
having a frequency equal to the difference between the 
frequency of the arriving and locally produced oscillations. 

If this difference is such that it gives a beat frequency of 
suitable audio-frequency—viz., something like 100 to 1,000 
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beats per second—we can detect these by the ear applied to 
the telephone by the steady musical sound they cause 
therein. 

Accordingly this method of detection of continuous electric 
oscillations requires the possession of means for creating 
undamped oscillations of nearly the same frequency. When 
this method of reception was first introduced by E. A. 
Fessenden and applied by him in radiotelegraphic reception 
he used a high frequency alternator. But such an appliance 
for producing oscillations of radiotelegraphic frequency is 
expensive and not easy to obtain. Accordingly the method 
never came into much use until the discovery of the fact 
that a three-electrode thermion could be used as a generator 
of electric oscillations of radiotelegraphic frequency. This 
discovery gave a fresh impetus to the method of “ beat ” 
or heterodyne reception by providing a cheap, easily made 
and managed means of generating the required high fre¬ 
quency oscillations. 

8. Based on the above-mentioned principles methods of 
reception for continuous waves have been devised which 
depend upon the fact that we can employ a three-electrode 
thermion in conjunction with certain circuits to produce 
undamped oscillations of a slightly different frequency from 
those of the aerial oscillations due to the incident waves and 
can combine in the thermion circuits these two sets of 
electric oscillations so that the telephone is actuated by the 
resulting beats. The frequency of the generated oscillations 
can be so adjusted that we obtain, say, 500 beats per second 
which give rise to a musical sound of rather high pitch in 
the telephone. If, then, the production of the signal waves 
is controlled by a key in the transmitter so as to start and 
stop these incident waves in accordance with Morse signals 
the sounds due to the “ beats ” follow the same course and 
repeat in the telephone audibly the same signals. This is 
called beat-reception or heterodyne reception. 

The following arrangement, due to Capt. H. J. Eound, 
of Marconi’s Wireless Telegraph Company, is a good example 
of the application of this principle. 

The aerial wire is coupled through an oscillation trans¬ 
former with a condenser of variable capacity so as to tune the 
closed circuit marked a (see Fig. 112) to the aerial. One 
terminal of this condenser is connected to the filament and 
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the other to the grid of a three-electrode valve. The plate 
circuit containing the battery is also connected to an 
oscillation circuit e. This circuit also contains a telephone 
receiver, which should properly be shown with a condenser 
across its terminals, or else be placed in a circuit inductively 
coupled to the plate circuit. 

The plate circuit is tuned to a slightly different frequency 
from that of the incoming waves. The two inductance coils 
in the plate and 
grid circuits e and 
a are also placed 
so as to have 
mutual inductance. 

Accordingly in the 
absence of any cur¬ 
rent in the aerial 
wire the thermion 
system would gene¬ 
rate oscillations of 
frequency n 1 pro¬ 
vided the coupling 
of the two coils is 
close. 

If, however, os¬ 
cillations of fre¬ 
quency n are pro¬ 
duced by arriving 
waves in the aerial 
these oscillations 
will be forced upon 
the plate circuit 
and the result will 
be to produce in it 
beats of frequency 
n—nx. By suitable 

selection of capacities and inductances in the circuits the 
difference n —n 1 may be made equal, say, to 500 or 600 and 
produces in the telephone a high musical note which is cut 
up into Morse code signals by manipulation of the key in 
the transmitter circuit, because arresting the oscillations in 
the receiving circuit due to the incident waves at once 
stops the “ beats.” 



Fia. 112.—H. J. Round's Connections for use 
of a Three-electrode Valve for Beat Reception. 
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It has been pointed out by Mr. E. H. Armstrong that one 
of the important advantages of the thermionic valve when 
used for beat reception is that the resultant or beat current 
is of nearly pure sine wave form. Hence we can amplify 
it by resonance and proper tuning of the telephone circuit. 

This cannot be done with spark systems of transmission, 
at least not nearly so well, on account of the production of 
more distorted waves. 

Hence, in continuous wave reception we can apply audio¬ 
tuning so as to give a very sharp resonance in the telephone 
circuit. In Figs. 118 and 114 two sets of connections for 



In Fig. 118 the telephone is shown inserted in an oscillation 
circuit, L<A, which must be tuned to the beat frequency. 

In Fig. 114 are shown two three-electrode valves in cascade 
in which the first thermionic valve system is coupled to a 
second by the transformer M 3 , and the telephone is placed 
in the plate circuit of the latter. The first thermion has its 
grid and plate circuits coupled for re-enforcement. 

To show the degree of sharpness of tuning, consider 
incident waves having a frequency of 50,000, and let the 
first thermionic system be tuned for 49,000. Then the beat 


1 See Proceedings of the Institute of Radio 
September, 1915. 
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frequency is 10,000, and the telephone circuit, L„ C t , or the 
second thermion plate circuit must be tuned for a frequency 
of 1,000. Then suppose the frequency of the incident 
waves to vary 1 per cent., or to drop to 49,500, the result 
would be that the beat frequency would drop to 500, or 
fall 50 per cent., and the beat current in the tuned telephone 
circuit would fall to a point at which the beat sound would 
become inaudible. 

Hence, this combination of radio- and audio-tuning is 
too selective to use, unless the frequency of the alternator in 
the transmitter circuits or other continuous wave generator 



Fig. 114.—Connections of Circuits of Two Three-electrode Valves in 
Cascade for Reception and Detection of Undamped Waves. (E. H. 
Armstrong.) 


is kept extremely constant, or within a quarter of 1 per cent, 
variation. A possibly better arrangement of heterodyne 
receiver is that described in a paper by Mr. John J. Hogan 
on “ Developments of the Heterodyne Receiver ” (see 
Proc. Institute of Radio Engineers , New York , U.S.A ., 
vol. iii. p. 249, September, 1915). 

He gives a diagram, as in Pig. 115, in which an aerial 
wire, A y is coupled inductively to two regenerative therm¬ 
ionic systems. The right-hand system, comprising a three- 
electrode thermion, is arranged as a generator of oscillations. 
This is so set as to create oscillations in the antenna to which 
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it is coupled, which have a frequency differing from that of 
the incoming waves by a number which falls within good 
audio-frequency. Thus if the incoming or incident waves 
have a wave-length of 20,000 ft., or 50,000 frequency, then 
the generating thermion may be set to produce oscillations of 
49,500 or 50,500 frequency. 

The left-hand thermion system, coupled to the antenna, 
is an ordinary regenerative or retroactive receiving system, 
with coupled grid and plate circuits and telephone inserted 
in the plate circuit or coupled to it. This receiving set is 



(J. J. Hogan.) 

then acted upon simultaneously by the antenna oscillations 
set up by the incident waves and by those created by the 
generating thermion. Hence, beats will be produced in the 
telephone having a beat frequency equal to the difference of 
the two oscillation frequencies. 

A somewhat simpler and more generally used method of 
heterodyne reception is to couple the aerial to a crystal 
receiving circuit arranged as in spark radio reception (see 
Fig. 116). In addition, the aerial is also coupled inductively, 
or, which comes to the same thing, the crystal receiving 
circuit is coupled inductively to a thermionic generator or 
three-electrode valve having its grid and plate circuits 
reactively coupled so as to generate oscillations of a fre- 

198 
















Radiotelegraphy and Telephony 


quency differing from that of the incoming continuous waves 
by an amount equal to 500 or 1,000, or some suitable audio¬ 
frequency. 

The result is to generate in the crystal receiving circuits 
groups of oscillations or beats of audio-frequency. 

Thus, supposing the frequency of the incoming waves is 
100,000. and the thermionic generator is tuned to produce 
oscillations of 99,500, we shall have produced in the crystal 
circuit beats of a frequency of 500. It will be seen at once that 
this method gives great selectivity. For suppose that some 
other station sends out waves differing only by 1 per cent.— 
viz., a frequency of 101,000—the result will be to produce 



Fia. 116.—Arrangement of Circuits using a Three-eleetrodc Valve for 
Production of Undamped Oscillations and Crystal Detector System 
for Detection of Beat Frequency Oscillations in a Heterodyne 
Receiver System for Undamped Wave Reception. 

beats of 1,500 instead of 500, and these quarter beats would 
give rise to a shriller sound, three octaves in pitch above the 
beats of 500 frequency, and the jamming signals would 
therefore be easily distinguished from the signals to be 
received by the higher pitch. In practice the coupling 
between the thermionic generator circuits and the crystal 
receiving circuits should be kept quite loose. 

The following practical hints in the manipulation of these 
heterodyne circuits have been given in an article in The 
Wireless World for July, 1917. If the tuning condenser of 
the thermionic oscillator is slowly turned, a characteristic 
“ swish,” produced by interference with atmospherics, will 
be heard as the time passes that of the receiver. This swish 
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is a good indication in the absence of signals that all is well. 
It is advisable to keep moving the condenser round about 
the point where the swish is obtained until the station 
required is picked up, when it can be adjusted to such a 
point that a good reading note is obtained. It should be 
noted that the adjustments of the tune of the crystal re¬ 
ceiver only affect the strength of the signal, whereas adjust¬ 
ments of the tune of the oscillator alter its pitch or note 
without affecting its strength. 

There is no absolute necessity for a separate receiving and 
oscillation circuit. The same thermionic valve can be made 
to operate as receiver and oscillator, and the telephone 
placed in the piate circuit will be affected by the beats 
produced. Thus the aerial can be coupled to the grid 


111 / 




Flo. 1 17a. —Arrangement of Circuits for Using a Single Three-electrode 
Valve (bulb not shown) for Heterodyne Reception of Undamped 
Waves. 


circuit of a three-electrode valve, with the usual stopping 
condenser inserted (see Fig. 117a), and with one coil of an 
oscillation transformer inserted in the grid circuit, as in the 
Armstrong regenerative connection. The plate circuit con¬ 
tains the usual boosting battery, telephone, and an adjust¬ 
able condenser, also the second coil of the oscillation trans¬ 
former. The coupling of this transformer must be suffi¬ 
ciently close to generate oscillations in the plate circuit by 
reaction with the grid circuit. The tuning of the plate 
circuit must be such as to give a frequency differing from 
that of the incoming waves by an amount equal to some 
suitable audio-frequency. The thermionic circuits then 
perform two functions : they create in the plate circuit, 
and, therefore, in the telephone, oscillations of the same 
frequency as those in the aerial by the valve and amplifying 
action already explained. They also generate oscillations of 
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a slightly different frequency, and the beats produced by 
these two sets of oscillations produce in the telephone sounds 
of audio-frequency, which are cut up into Morse code signals 
when the key in the transmitter is manipulated. A slight 




. Ftg. 117b.—A rrangement of Circuits for Using a Single Three-electrode 
Valve (bulb not shown) for Heterodyne Reception of Undamped 
Waves. 


variation of this mode of connection, as shown in Fig. 1176, 
is also used in continuous wave reception, especially in the 
United States. Another circuit arrangement of a three- 



Fig. 118.—Lee de Forest’s Ultraudion Circuit. S is a Shunt on the 
Telephone for Signal Strength Measurement. 


electrode thermion in which a reactive coupling is effected 
between the plate and grid circuit is that called by Lee de 
Forest the “ ultra-audion ” connection. 1 In this arrange- 

1 See United States Patent Specification No. 1,170,881 of Lee de 
Forest and Charles Logwood, application of March 12th, 1914. 
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ment the secondary or condenser circuit, which is coupled 
to the aerial, has its terminals connected to the plate and 
grid of the valve respectively, instead of the grid and fila¬ 
ment (see Fig. 118). The plate circuit is, however, coupled 
to the grid circuit through a condenser, and an earth con¬ 
nection is made at one point on the plate circuit through an 
iron-cored choking coil. 

E. H. Armstrong has redrawn the scheme of connections 
of this ultra-audion, as in Fig. 119, so as to bring it into closer 

comparison with 
the normal 
three - electrode 
amplifying ther¬ 
mion method of 
working. 

In virtue of 
the coupling 
through the con¬ 
denser G there is 
a reaction be¬ 
tween the grid 
and plate circuits 
which acts in a 
similar manner 
to the usual elec¬ 
tromagnetic in¬ 
duction coup¬ 
ling. It will be 
noticed that the 
telephone is in 
parallel with the 
plate battery, 
and not in series 
with it. The atmospheric disturbances are then slightly less 
troublesome with this parallel arrangement, but the sensitive¬ 
ness to signal waves remains the same. The shunt, S, across 
the telephone, T, is for measurement of signal strength. 
L. W. Austin added the oscillating flywheel circuit marked N 
in Fig. 118, which he calls a sensitising circuit, and has stated 
that the sensitiveness of the whole receiver is increased 
three or four times by the use of this circuit N. 

It consists of a capacity and inductance which is tuned 



Fig. 119.—Armstrong’s Redrawing of the 
Ultra-audion Circuits. 
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close to the resonance point, and is coupled to the secondary 
of the receiving circuit. By this means it is possible to work 
with a looser antenna coupling to the secondary receiving 
circuit without loss of sensitiveness. Austin states that 
careful comparison between this ultra-audion connection 
and the plain electrolytic receiver has shown that the 
sensitiveness of this ultra-audion is from 500 to 1,000 times 
greater than the plain electrolytic as measured by the 
shunted telephone method, and the audibility increases 
proportionately to the antenna current. 1 

8. It is desirable in the next place to consider the use 
of the thermionic valve as a current-limiting device and 
for the suppression of atmospheric disturbances. The 
whole question of atmospherics, or strays, as they are 
called, or irregular electric oscillations set up in the receiving 
aerial by stray waves due to electric discharges or movements 
of electrons in the atmosphere, is a very large one. It 
cannot be fully treated here. Suffice it to say that the 
phenomena, as far as the radiotelegraphist is concerned, 
consists in a sudden electric impulse or series of impulses 
given to the aerial which set it and the receiving circuits 
in oscillation and create in the telephone various noises, 
clicks, sizzling, hissing or crackling sounds, which are loud 
enough often to drown out the message-bearing sounds 
and even to deafen, temporarily, the operator. In the early 
days of spark telegraphy, when the spark frequency was 
low and irregular, these atmospherics were so complete^ 
mingled with the signal sounds that separation was im¬ 
possible by ear. Attempts to tune or filter them out were 
not very successful, because any brief electric impulse 
^given to the aerial sets it and the receiving circuits vibrating 
with the natural frequency corresponding to the wave¬ 
length of the aerial and therefore of the signals to be received, 
and hence any filter which would stop out these stray 
vibrations would equally stop out the signals. 

A very great improvement was therefore effected by the 
introduction of the high-frequency (800-1,000) musical 
spark by the use of Marconi’s rotating dischargers or else 
suitable alternators, because this imparted to the message 

1 See L. W. Austin, “ Experiments at the U.S. Naval Radio Station, 
Darien, Canal Zone,” Proceedings of the Institute of Radio Engineers , 
Xew Yorlc, vol. iv.. No. 3, p. 251, November 27th, 1915. 
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signals (dot and dash) a high-pitched musical sound and 
enabled the operator to distinguish them by ear from the 
irregular intermingled sounds to which he paid no attention. 
Even then, however, very loud atmospherics had the effect 
of reducing the sensiblity for the moment of the operator’s 
ear. If, however, the louder atmospheric sounds can 
only be reduced to the strength of the signal sounds their 
overpowering influence will be greatly diminished and the 
operator will be enabled to read through them. This is 
to a great extent accomplished by the use of balanced 
crystal or balanced valve detectors. 

We can explain the principle involved in connection 
with a simple carborundum crystal detector. Such a crystal 



Fig. 120.—Characteristic Curve of a Crystal (Carborundum) Rectifier. 


has a greater conductivity for electricity in one direction 
than the other. If we plot out a characteristic curve for 
the crystal delineating current transmitted on terms of 
applied voltage, + or —, it has the form shown in Fig. 120. 
This curve has changes of curvature at certain points. 
Suppose, then, that a crystal is placed in series with a high- 
resistance telephone and the two in series joined across 
the terminals of the condenser in the closed receiving 
circuit of a receiving aerial. If the signal waves could 
create a large alternating P.D. between the terminals of 
the condenser the rectifying power of the crystal would 
cause the telephone to be traversed by a much greater 
current in one direction than in* the other. If the P.D. 
range is small, as it is in radiotelegraphy, then owing to 
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the form of the characteristic curve the rectification will 
not be so great. 

If we apply a boosting voltage or direct E.M.F. to the 
crystal so as to bring the point of working to a bend or 
sharp change of curvature in the characteristic curve, then 
a small superimposed alternating voltage will produce a 
greater rectified current than if the boosting voltage is not 
applied, because at that point the effect of a given increase 
in the total voltage increases the current more than an 
equal diminution in the voltage decreases the current. 

Suppose, then, that two such rectifying crystals are 
arranged in parallel with poles in opposite direction and 
joined in series with a single telephone across the terminals 
of the receiving condenser. These crystals will rectify 
in opposite directions. If, then, one of these crystals 
has its associated battery and potentiometer adjusted so 
as to apply a small boosting E.M.F., sufficient to bring 
the voltage to a point of change of curvature on the character¬ 
istic curve, the other crystal not being so assisted, the 
result will be that the two in parallel possess a rectifying 
power for small alternating voltages, but do not possess 
it for extremely large A.C. voltages. Hence the oscillations 
due to signal waves are rectified and detected by the telephone 
but any oscillations of large amplitude, due to an atmo¬ 
spheric discharge or vagrant wave, will not be rectified or, 
at any rate, will not create a sound in the telephone louder 
than those made by the signal waves. If, however, these 
latter are created by a musical spark the quality of the 
sounds will enable the operator to distinguish them. 

Exactly the same effect can be produced by the employ¬ 
ment of two Fleming valves instead of two carborundum 
crystals, provided we use valves not exhausted to an 
extremely high vacuum. By this ingenious arrangement 
forming the well-knowm balanced crystal or balanced valve 
receiver of Marconi’s Wireless Telegraph Company, the 
interference of atmospherics with message signals is much 
diminished, and the effect of strong atmospherics in drown¬ 
ing out signal sounds is considerably reduced. In another 
arrangement, due to Lieut. G. M. Wright, of Marconi’s 
Wireless Telegraph Company, 1 an ordinary three-electrode 
valve is employed as a current-limiting device by running 

' See British Patent Specification No. 8,926 of June 17th, 1915- 
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the filament at a reduced temperature. Under these 
conditions the valve plate current can never exceed in 
strength a certain value. This may be arranged so as to 
be just equivalent to enabling the signal sounds to be read 
on the telephone of the crystal or other detector circuit, 
but any strong atmospherics cannot create a larger current. 
Hence the signal sounds are not swamped b}^ excessively 
loud, irregular sounds, and can be read through them. 

There are, however, objections to reducing the temperature 
of the valve filament, in that it makes the valve insensitive. 



Fxg. 121.—Connections of Method due to G. M. Wright for Eliminating 
or Reducing Atmospherics Depending upon Current-limiting Power 
of the Thermionic Valve. 


Lieut. G. M. Wright has, however, found that a better 
result can be obtained with a valve containing a second 
grid, as shown in Fig. 121 .* 

The valve has a filament, plate and two grids. The 
antenna, i, is coupled as usual to a closed oscillation circuit, 
f } g, and reaction coil, o, which is coupled to the plate circuit. 
The diagram will show the mode of connection of the two 

1 See British Patent Specification No. 102,821 (1917) of G. M. 
Wright and Marconi’s Wireless Telegraph Company ; see also article 
by L. Schoenberg in The Year-Book of Wireless Telegraphy for 1918, 
p. 944. 
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grid and plate circuits respectively. The filament of 
tungsten wire is kept at the usual degree of incandescence 
corresponding to a temperature of about 1,700° C. The 
inventor then finds that such a two-grid valve limits the 
plate current to an assigned amount, and the valve can be 
so adjusted that the limiting point is reached, even when 
a very small P.I). (corresponding to a weak signal) is made 
between the two grids. The coil n coupled to the plate 
circuit is in connection with the crystal or other detector 
circuit. In a following patent specification 1 granted*to the 



Fig. 122.—Connections of Method due to G. M. Wright for Eliminating 
Atmospherics Depending upon Current-limiting Power of the 
Thermionic Valve. 


same patentees a single three-electrode valve of usual type 
is employed with a single grid of very fine mesh. The 
oscillating circuit which is coupled to the aerial is, however, 
connected between the grid and plate (see Fig. 122) instead 
of between the grid and filament. 

The inventor states that with proper adjustments of 
potentials the space between the grid and plate becomes 
highly limiting, even for very small oscillatory currents, so 
that for a. given potential of the grid the relation between 
the plate potential and plate current gives a characteristic 

1 No. 102,822 of 1917. It may be noted that after January 1st, 
1915, British Patent Specifications began to be numbered consecutively 
upwards from 100,000. 
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current, which rises rapidly to a constant value which 
therefore limits the current, wdiich can be transferred to the 
detector circuit n. 

Methods of using three-electrode valves as a means of 
overcoming disturbance by atmospheric stray waves in the 
case of continuous wave reception have been described by 
Mr. E. H. Armstrong. He remarks that the effect of a 
strong stray wave on the valve is to build np a strong nega¬ 
tive charge on the grid, which reduces the plate current, and 
that when the stopping condenser is without a leakage path 



Fig. 123.—E. H. Armstrong’s Connections for Eliminating Atmospheric 
Disturbances in case of Undamped Wave Reception by Beat Reception. 


this charge may persist for a considerable length of time, 
thus paralysing the valve for signal reception. He has 
contrived to take advantage of this fact by connecting to the 
aerial wire two similar systems, each comprising a thermionic 
valve, with grid and plate circuits reinforced and the plate 
circuits connected inductively to one single telephone. 

These two systems are each arranged for beat reception, 
as above described, but the beat currents in the two systems 
are arranged to be 180° different in phase. The inductive 
coupling to the telephone circuit (see Fig. 128) is, however, 
so arranged that the two beat currents combine to affect the 
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telephone in the same direction and so assist each other. 
If, however, a powerful stray wave, which is always a highly 
damped wave, falls on the antenna it does not interact with 
the locally generated oscillations to cause beats, and is 
therefore not heard in the telephone. Hence, the method 
of beat reception by three-electrode valves is an effective 
means of eliminating strays, and this is one of the undoubted 
advantages attaching to the continuous wave system of 
radiotelegraphy. 
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CHAPTEE VI. 


The Thermionic Oscillator and Detector in 
Eadiotelephony. 

1. As the principles of radio telephony are now fully 
expounded in many books it is quite unnecessary to devote 
space in these pages to elementary facts or past achievements 
in the subject. We shall confine ourselves, therefore, to a 
brief mention of the applications so far made of theimionic 
valves in this department of radio work. 

Broadly speaking, the accomplishment of radiotele¬ 
phony involves the production of undamped electro¬ 
magnetic waves, or, at least, waves produced by very high- 
frequency spark discharges, the amplitude or wave-length 
of which can be altered by a speaking microphone so as to 
vary proportionately to the ordinates of the wave form of 
the acoustic waves which create intelligible sounds. All 
human speech consists in the production of syllabic sounds 
by the vocal organs, which are connected and uttered in 
various tones, durations and sequences. These sounds 
comprise vowel and consonantal elements. The former are 
sounds which can be uttered continuously, in which the 
breath is expelled through the vocal chords of the larynx so 
as to give rise to a sound of a certain musical pitch or 
frequency, and the quality of this sound is influenced by 
holding the resonant cavity of the mouth in a certain form, 
which has the effect of creating harmonic oscillations 
superimposed on a fundamental frequency of the sound 
wave. 

By special devices it is possible to delineate photographic¬ 
ally, or in other ways, the wave form for each sound, and 
we then find that for every vowel sound there is a certain 
peculiar wave form. If this compound periodic curve is 
analysed bv Fourier’s theorem it will be found to consist of 
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a simple fundamental wave of sine curve form, with certain 
harmonics of 2, 3, 4, etc., times the frequency of the funda¬ 
mental imposed upon it. The ear recognises the vowel quality 
by instinctively appreciating the relative amplitude of these 
harmonics, and to some degree their relative phase as 
regards the fundamental in the particular sound uttered. 

The consonants are in many cases merely more or less 
abrupt or irregular beginnings or endings of vowel sounds, 
but in the case of some sounds, like s or r, they are produced 
by expelling the breath continuously with the lips and tongue 
and oral cavity held in certain positions. 

When such vocal sounds are made in proximity to a thin 
circular metal diaphragm or elastic plate fixed at the edges 
the plate is set in vibration. The diaphragms used in 
ordinary telephone transmitters and receivers are generally 
about in. in diameter and somewhere about *01 in. thick 
and are made of iron. Every such diaphragm has a funda¬ 
mental natural rate of vibration of its own, like a violin 
string, but by bending along certain nodal lines the sections 
of the plate can vibrate in harmonic frequencies greater than 
the fundamental. The ordinary telephone diaphragm has a 
fundamental natural period of vibration of about 800 or 
1,000 per second. 

It is commonly said that when vocal speech is made near 
to such a diaphragm it reproduces in its movements the 
wave form of the sound uttered, but, as a matter of fact, such 
reproduction is very far from being exact. In order that 
such a diaphragm may copy in its motions the wave form of 
the incident air waves the diaphragm must have a natural 
frequency very much higher than that of any harmonic in 
the incident air wave. 

The diaphragm of the human ear is a very thin membrane 
of small diameter, not much more than one-quarter of an 
inch in diameter, and it has therefore a very high natural 
frequency, which is the reason it responds so accurately to 
changes in quality or wave form of the aerial sound wave. 
Nevertheless, the iron telephone diaphragm does sufficiently 
copy by its motions the wave form of the air wave, although 
its resonance for particular frequencies equal to its funda¬ 
mental or some harmonic is so marked that it responds far 
better to these than to any other incident wave frequency. 
In the ordinary carbon telephone transmitter the motions 
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of the diaphragm are caused to vary the pressure or compact¬ 
ness of carbon granules, and hence to alter their electric 
resistance and so change proportionately the current 
flowing through them under a steady impressed E.M.P. 

2. As regards wireless telephony the problem of the 
transmitter is to create in the sending aerial continuous 
oscillations the amplitude of which can be varied in accord¬ 
ance with the wave form of vocal sounds made to the 
diaphragm of a carbon or other telephone transmitter, 
which must in some way be made to vary in like manner the 
amplitude of the oscillations in the aerial wave. 

For permanent long-distance radiotelephony on a largo 
scale the ultimate solution of the problem will no doubt 
be found in the use of high-frequency alternators in which 
the exciting or field current, or else the main current, is 
controlled bv microphones through the agency of current 
amplifiers, perhaps of the thermionic type. Such high- 
frequency alternators, from their great cost and the large 
angular momentum of their rotating parts, are quite unsuited 
for use on board ship or for short-distance working. Hence, 
attention has generally been given to the employment of 
some type of arc generator or rapid-spark generator for the 
production of the necessary continuous oscillations. In 
spite of all the labours of inventors on the arc method it has 
not proved to be a very certain or satisfactory method for 
such continuous wave production. Irregular interruptions 
in the production of the continuous oscillations create 
corresponding noises in the receiving telephone and varia¬ 
tions in the loudness of the sounds heard. The articulation, 
in short, is very imperfect and overlaid with disturbing 
noises which make good radiotelephony the occasional 
achievement of experts rather than a simple and certain 
process for everyday use. 

The discovery that the three-electrode thermionic valve 
or thermion could be used for the production of pure sine 
wave electric oscillations of quite constant strength has 
given a fresh impetus to radiotelephony. Owing Jo the 
true sine wave form of the oscillations we are enabled to 
magnify at the receiving end with great advantages. Also, 
owing to the steadiness of the oscillations, very small 
antenna currents seem to suffice for the conduction of 
radiotelephony over some scores of miles. 
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Again, in consequence of the qualities of thermionic 
circuits we are able to eliminate noises due to atmospheric 
strays, or at least to keep them in subjection within 
reasonable limits. We have explained in Chapter IV. the 
principles on which the three-electrode thermion acts in 
creating electric oscillations. 

It only therefore remains to consider the special arrange 
ments necessary in the case of radiotelephony. 

In the matter of power output the thermionic valve as 
an oscillation generator is at present somewhat limited. 
This, however, is very much a matter of construction. 

There can be no doubt that the best type of thermion for 
use as a generator is the extremely high vacuum one. Any 
•residual gas in the bulb must necessarily be ionised and the 
bombardment of the cathode by positive ions is a cause of 
its speedy destruction. Hence the pure electron discharge 
has unquestionable advantages. Another source of weak¬ 
ness is that the glass bulb is liable to crack and the 
conveyance of large currents through platinum wiies sealed 
through glass is very difficult. 

Pure silica is now commonly used in the construction of 
chemical apparatus, and it should not be impossible to 
construct large bulbs of silica with exhausting tubes which 
could be sealed when exhaustion is complete by the oxy- 
hydrogen blowpipe. 

Such silica bulbs do not crack with heat like glass, and 
the melting point being above 1,500° C., they can be heated 
to very high temperatures during exhaustion. The sealing- 
in platinum wires might be in multiple, formed of many fine 
separated wires and a glass of suitable composition welded 
to the silica at the point of entrance. 

Large incandescence lamps are now made taking 1 or 
2 kilowatts to operate the filament, and giving 1,000 or 
2,000 candle-power. Hence it should not be impossible to 
construct large three-electrode thermionic generators vrith 
silica bulbs in which 2 or 3 kikrwatts could be dissipated 
internally if need be. 

4. Turning, then, to the details of circuits employed, w r e 
may take as typical the methods described in the British 
Patent Specification No. 13,243 of 1914 of Captain H. J. 
Bound, of Marconi’s Wireless Telegraph Company, in which 
either one or two three-electrode valves are employed. In 
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the single valve arrangement (see Fig. 124) the grid circuit 
comprises an oscillation circuit P 2 K ti and also in series with 
it a stopping condenser, K, which is shunted by a resist¬ 
ance, R l9 and battery, B v The plate circuit contains also an 
oscillation circuit, P t K l9 and a condenser, K 3 , shunted by a 
resistance, 7? 2 . G represents a direct current generator which 
may conveniently be a battery of storage cells giving 20 to 
60 volts or so. The inductance coils P 2 and P a are arranged 
with mutual induction, and when used for radiotelephony 
there is an intermediate circuit which contains the speaking 
microphone which couples P x and P 2 . 

The coil P t is also coupled to the aerial A. The mutual 



Fig. 124.—Arrangement of Circuits due to Captain H. J. Round. Using a 
Three-eleetrode Valve for the Production of Undamped Electric 
Oscillations in Radiotelephonie Transmitters. 

inductance of the grid and plate circuits is made close 
enough to maintain oscillations in the system. 

It is clear from the text of the specification that Captain 
Round employs a rather “ soft ” valve with not very high 
vacuum and that the gaseous ionisation which takes place 
at a certain grid potential plays a part in the process. 
The object of the resistance R 2 in the plate circuit is to 
prevent the plate current rushing up to the point at which 
an arc will start between filament and plate if this ionisation 
exceeds a certain amount, but the valve is worked at a 
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point just below that at which the current due to ionisation 
begins to increase rapidly. The operation of the arrange¬ 
ment is then as follows: The valve starts oscillating 
when the coupling of P x and P 2 is sufficiently close and the 
circuits P x K lf PJi 2 must be tuned to each other and to 
the aerial A. Undamped oscillations are thus set up in 
the aerial. When speech is made to the carbon micro¬ 
phone M in the intermediate circuit connecting inductively 
P x and P 2 the aerial current is varied proportionated to 
the change in resistance of the microphone. Hence the 
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Fig. 125.—Arrangement of Circuits Employing Two Three-electrode 
Valves, due to Captain H. J. H-ound. for Production of Undamped 
Oscillations for Radiotelephony, the Amplitude being Con¬ 
trolled by a Microphone, M, in an Intermediate Circuit. 


variation in amplitude of the aerial oscillations and waves 
follows the wave form of the speech waves. 

In demonstrations made with this generator for the 
Italian Navy, Captain Round found that very small antenna 
currents such as 0*2 ampere were sufficient to enable radio¬ 
telephony to be conducted over 70 kilometres, owing to 
the perfect regularity of the oscillations and absence of 
stray noises, and hence ability to employ a magnifying 
valve as a receiver. 

In another arrangement Captain Round employs two 
three-electrode valves in series connected as in Pig. 125, 
where the microphone M is shown in an intermediate 
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Wireless Telephone Set. 

Fig. 126. —Photograph of Wireless Telephone Apparatus Constructed and Used by Marconi’s Wireless Telegraph 

Company. Ltd. (H. J. Round.) 
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circuit which couples the plate circuit of one valve with the 
grid of the next. 

The microphone can also be placed if required in the 
aerial or antenna circuit provided the current in the antenna 
doe3 not much exceed half an ampere, which is the limit of 
safe working with an ordinary carbon granule microphone. 

As a receiver a three-electrode valve arranged with 
reacting grid and plate circuits is employed so as to magnify 
the incoming oscillations. As this receiving arrangement 
is the same as that employed in radiotelegraphy, described 
in Chapter III. (see § 6, Pig. 73), we need not refer to it again. 



Fig. 127.—Scheme of Circuits for a Radio tele phonic Transmitter Em¬ 
ploying a Pliodynatron, made by the General Electric Company of 
U.S.A., as Oscillation Generator. 


The complete apparatus for radiotelephony, comprising 
generator, transmitter and receiver circuits, with all adjust¬ 
able condensers, inductances, batteries and couplings, is 
made up by Marconi’s Wireless Telegraph Company in one 
piece of apparatus, as shown in Fig. 126, and provides a 
complete outfit for radiotelephony. 

The set delivers 0*6 ampere to the aerial, the microphone 
in this case being placed in series with the aerial. The 
apparatus enables radiotelephony to be effected between 
ships at sea at a distance of 30 miles. A larger antenna 
current of 1 ampere gives a range of 100 miles. 

5. The structure and mode of operation of the type of 
thermionic generator called a dynatron and a pliodynatron 
have already been explained in Chapter IV. It remains to 
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mention the manner in which this appliance is utilised in 
radiotelephony. 

The form of four-electrode thermion, called a pliodynatron 
by its constructor (see Fig. 93, Chapter IV.), comprises a 
metallic filament forming the cathode which can be rendered 
incandescent by a current. This is enclosed in a highly- 
exhausted glass bulb. Around this filament is a grid, and 
around that a perforated anode cylinder, and outside that 
a plate in the form of a cylinder. 

The plate is connected to an oscillation circuit which is 
coupled inductively to the aerial (see Fig. 127). 

In addition to the battery heating the filament a battery 
of larger voltage is employed, part of which is connected 
between the filament and the perforated anode, with the 
latter made positive. A cell or two of this latter battery 
is connected between the filament and the grid, and includes 
in this circuit the secondary coil of a transformer, in the 
primary of which is a telephone transmitter, microphone M, 
and battery. It has already been explained in Chapter 
IV. in connection with this instrument that if the current 
in the external plate circuit is plotted in terms of the 
potential difference between the plate and negative end 
of the filament the curve so obtained first rises up, then 
falls, and finally rises once more (see Fig. 89, Chapter IV.). 
In the middle region the current falls as potential difference 
increases, and the vacuous space may then be said to have 
a negative resistance. 

In practice this line is a curved line, and the so-called 
negative resistance is inversely porportional to the grid 
potential. Hence, if the ratio of inductance to capacity 
in the external plate circuit is sufficient to start oscillations, 
as explained ir § 7 of Chapter IV., a slight decrease in 
grid potential will stop the oscillations. 

If the negative resistance part of the characteristic 
curve is not a broken straight line, but a gradually curved 
line, the gradual changes in potential of the grid will be 
accompanied by corresponding gradual changes in plate 
current, and this is just what is required to effect radio¬ 
telephony. Hence, if the plate oscillation circuit is coupled 
to an aerial, as shown in the diagram in Fig. 127, and if the 
grid circuit includes a microphone transmitter and trans¬ 
former, speech made to the microphone will cause changes 
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of anteuna current which repeat the motions of the micro¬ 
phone diaphragm, and therefore modulate the antenna 
current and radiated wave amplitude in a manner corre¬ 
sponding to the wave form of the speech made to the 
microphone. 

6. By the use of a pliodynatron in this manner it was found 
possible to radiotelephone for 16 miles (=26 kilometres) 
with a small tube giving about 10 watts, the articulation 
and loudness of the received speech being quite good. 

7. There are also other ways in which a three-electrode 
thermion can be employed to effect radio telephony. Thus 
in the paper by Dr. Irving Langmuir on “ Tire Pure Electron 
Discharge,” already mentioned in Chapter III., in which 
a description is given of a high vacuum three-electrode 
thermionic tube called a pliotron, interesting information is 
given on its use in radiotelephony in more than one way. 1 

By means of the large type of pliotron it has been found 
possible to control as much as 2 kilowatts of radiant energy 
from an aerial by an ordinary microphone transmitter. 
For example, a high-frequency alternator giving currents 
of 100,000 frequency has been designed by Mr. Alexanderson. 

If such a 2-kvv. alternator is loosely coupled to an antenna 
the aerial mil radiate undamped electromagnetic waves 
of a certain amplitude. 

If the plate of a pliotron is connected to a point on the 
antenna at which the potential is normally high, and if the 
filament of the pliotron is earthed, then when that point on 
the antenna becomes positive during one half of an oscilla¬ 
tion a leak mil take place. If, however, the grid is made 
negative it will stop this leak and the antenna will radiate 
its full amount of energy. Hence a very small negative 
charge given to the grid will control the radiation of a large 
amount of energy from the antenna. 

Two pliotrons might also be so used, one having its plate 
connected to the aerial and filament earthed and the other 
having its filament connected to tho aerial and plate earthed, 
whilst the grids of both are connected together and to one 
terminal of the secondary circuit of a transformer the primary 
of which includes a battery and speaking microphone, the 
other end of the secondary circuit being to earth. In this 


1 See Proceedings of the Institute of Radio Engineers, vol. iii., Sep¬ 
tember, 1915. 
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manner the leak from the anterna can be modulated by 
speech made to the microphone diaphragm and the amplitude 
of the electromagnetic radiation from the aerial made to 
vary proportionately to tne wave form of the speech wave. 
In place of a high-frequency alternator we may employ an 
arc transmitter or another oscillation-producing pliotron or 
three-electrode thermion. 

Dr. Irving Langmuir mentions ( he . cit .) that two types of 
this apparatus for effecting radiotelephony have been 
worked out in the laboratories of the General Electric 
Company of U.S.A. 

The first has a capacity for supplying about 20 watts in 
the antenna and draws its supply of power from a city 
alternating currenu supply at 118 volts and 60 frequency. 

This A.C. supply is connected to a small transformer ha ving 
two secondary windings. One of the secondaries gives an 
E.M.E. of about 5 volts and furnishes the currents for 
heating the filaments of the thermion tubes used ; the other 
secondary supplies current at 800 volts. This alternating 
current is rectified by a Fleming valve and employed to 
charge a condenser of 6 microfarads. In this way a source 
of direct current of high voltage is obtained. The plate and 
filament of the pliotron oscillator is then connected to this 
condenser. The plate of a second pliotron is connected to 
the grid of the first, and the grid of the second is connected 
through a small transformer with a microphone and battery. 
Speech made to the microphone then varies the potential 
of the grid of the second or smaller pliotron, and the varying 
plate current alters the grid potential of the large one and 
hence varies the amplitude of the plate current of the latter 
and the amplitude of the waves radiated from the antenna 
coupled to the large pliotron. In this outfit, which is suit¬ 
able for use up to 500 watts or so, the high voltage direct 
current required for the plate circuit is derived from a small 
2-kilowatt alternator. The current from this is rectified by 
a two-electrode thermionic valve after being transformed 
up to a voltage of 5,000 volts, and the resulting pulsating 
unidirectional current is smoothed out by being used to 
charge large condensers, from which a small steady current 
can then be drawn. The alternator gives a current having 
a frequency of 2,000, and it is therefore possible to store up 
large quantities of energy and obtain as much as a kilowatt 
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or more of power in the form of direct current. This high 
voltage D.C. is used to operate the plate circuit of the 
osciltating thermion, the alternating output of which is 
modulated by the smaller thermion governed by the micro¬ 
phone connected to it. The high-frequency alternator may, 
of course, be driven by a D.C. motor or by a small petrol 
engine. In this manner a completely independent radio- 
telephonic plant is constructed. 

By means of this system of control the amount of power 
in the telephone transmitter or microphone circuit need be 
no larger than in ordinary wire systems of telephony, so that 
it is possible to actuate such a radiotelephone plant as is 
above described from a distance by telephonic speech 
transmitted over a wire. 

At the other end the radio-receiver system can be made 
to retransmit the speech received over telephonic land lines, 
and thus the radiotelephone used to bridge over a gulf, say 
a large lake or sea region, and thus avoid the expense of 
laying a telephonic cable. 

Radiotelephony by means of thermionic valves assumes 
therefore a very practical aspect and is in a much more 
satisfactory practical condition than when in the stage at 
which the arc form of generator was its principal resource 
and foundation. 

Finally, it may be mentioned that the three-electrode 
valve has come into extensive use as a telephone relay or 
repeater and amplifier in connection with telephony with 
wires, especially on very long loaded circuits. For this 
purpose it has exceptional value, as it provides an absolutely 
inertialess relay of great sensibility and perfect repeating 
power. By using thermionic repeaters in cascade, say 
three, at intervals in long lines we can furnish the telephonic 
current at intervals with fresh energy and restore the ampli¬ 
tude of the higher harmonics in the current wave, on which 
the intelligibility of the sound essentially depends. An 
interesting Paper was read by Mr. A. B. Hart on this applica¬ 
tion, entitled “ Telephonic Repeaters,” and an abstract of 
it will be found in the Journal of the Institutio7i of Post Office 
Electrical Engineers for April, 1919. 
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Recent Improvements in Thermionic Apparatus. 

1. Very great advances were made in the construction, 
mode of use and theory of thermionic apparatus for radio¬ 
telegraphic and telephonic work just before and during the 
European War of 1914-1918. As the earlier chapters of this 
book were written before the armistice was signed in Novem¬ 
ber, 1918, certain limitations in the information given were 
then necessarily imposed. It is, however, possible at the 
present time (1919) to describe a little more in detail some 
of the chief improvements and additions to knowledge on 
the subject in the last few years. 

In the construction of the three-electrode valve various 
types have been adopted. In some cases the glass vessel 
has a tubular form with a straight filament stretching from 
one end to the other. The “ plate ” is a cylinder of thin 
metal, generally nickel, and fits pretty closely to the inner 
side of the tubular bulb. The grid is a spiral of nickel 
wire or tube of metal gauze, which surrounds the filament 
without touching it. Connections to the cylinder and spiral 
or grid are sealed through the glass bulb. Of this type is 
the Marconi Company’s “ Q ” valve. In the construction 
of “ hard ” valves which are now mostly used, the entire 
elimination of the occluded gases from the metal work is 
most important, as otherwise the vacuum will not remain 
constantly high in use. 

The extrication of these gases is effected by electronic 
bombardment of the metal by means of a high-tension trans¬ 
former or induction coil which has one secondary terminal 
connected to the valve filament and the other to the grid 
and plate during the process of exhaustion. When the 
vacuum reaches a certain point the bulb is seen to be full of 
a blue glow, and at a somewhat higher vacuum the metal 
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cylinder and grid become red hot, due to the electronic 
bombardment then taking place on them. The air exhaus¬ 
tion must be kept going until all the blue glow qtiite vanishes, 
showing that there is then no sensible ionisation of residual 
gases, because these are almost entirely absent from the 
bulb. Meanwhile, the filament is kept incandescent and the 
glass bulb heated. The vacuum required for a good " hard ” 
valve is about 10~ 7 or 10 —8 of a millimetre of mercury, 
which is far higher than is usual in a metallic filament lamp. 
The valve is then sealed off carefully. Many valve manu¬ 
facturers take objection to the tubular form of valve in 
which the plate or cylinder fits closely to the inside of a 
tubular bulb, as they say there is then much greater diffi¬ 
culty in freeing the metal from occluded gas by electronic 
bombardment, without at the same time cracking the glass 
bulb. 

The form of valve figured in Fig. 67 in Chapter III. is 
therefore preferred. In this case the filament, spiral, and 
cylinder are all fixed to a glass stem or tube through the top 
of which the platinum leading-in wires are sealed. This 
stem is then introduced into a spherical bulb, and sealed in 
at a place well removed from the leading-in points, and the 
metal work is kept at a distance from the glass bulb walls. 

An important matter in valve construction is the degree of 
closeness of winding of the wire or mesh wffiich forms the 
spiral or grid, and the behaviour of the valve will greatly 
vary with the degree of closeness of the turns of the spiral 
and with the proximity of the spiral to the filament. If the 
spiral is very open then it permits the free passage of 
electrons forming the plate current, and this current may 
then be large, but the grid will have to be raised to a rela¬ 
tively high negative potential to reduce the plate current. 
In other w T ords, the slope of the characteristic curve will be 
small. 

There are, in fact, two characteristic curves which have 
to be taken into consideration in connection with three- 
electrode valves—viz., (1) the curve expressing the relation 
of plate current and potential difference of grid and fila¬ 
ment, and (2) the curve expressing the relation of plat© 
current to resultant potential difference between plate and 
filament. It is this latter curve which gives us the effective 
conductivity of the vacuous space between the filament 
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and the plate. This conductivity can be increased by 
increasing the size of the filament and bringing the cylindrical 
plate nearer to it. The plate current is a function both of 
the E.M.F. in the plate circuit and of the grid voltage. 
It would be a great advantage if means could be devised 
of varying the closeness of the grid or size of the perforations 
in it after the bulb is exhausted and sealed. One of the 
difficulties of valve work is that there are so many factors 
which can be varied and. which affect the resulting operation. 
The filament is now almost always made of drawn tungsten 
wire and is cut such a length as to be brightly incandesced 
to a brilliancy of about 1} watts per candle power by a 
voltage of 3*75 volts. The filament can then be worked at 
the proper incandescence by three storage cells with an 
adjusting rheostat in series. It is desirable to have fairly 
large cells, so that the voltage does not quickly drop in use. 
Also, when a number of valves are used in cascade, it is then 
possible to work the filaments of all valves used in parallel 
off the same two or three storage cells, each filament ha\ing, 
if necessary, its own adjusting rheostat. 

In the case of aeroplane sets the current for the valve 
filaments can be supplied from a small D.C. dynamo driven 
by an air propeller screw. But then small storage cells 
should be kept across the terminals to equalise the voltage. 
In regulating the filament voltage the operator is guided 
by experience as to the highest temperature the filament 
will bear for 1,000 hour3 or so of use without being burnt 
out. It is for this reason that a substantial filament is an 
advantage, but then this takes a larger current. In some 
valves two filaments are provided so arranged that if one is 
burnt out the second can be brought into action, and thus 
the valve saved for further use. 

The electromotive force required in the plate circuit is 
generally provided by small storage cells in ebonite or 
celluloid boxes. 

In general the external E.M.F. required in the plate 
circuit of a very hard valve is 100 volts, or even more, to 
produce a plate current of 3 or 4 milliamperes with the 
grid at zero potential. This necessitates the use of at 
least 50 small storage cells. In the case of rather softer 
valves this E.M.F. may be reduced to 40 volts or less. 
In the case of fairly soft valves with thick filaments and 
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plate or cylinder near to the filament, the impressed voltage 
may be as low as 25 or 30 volts, and yet give the required 
plate current in virtue of the reduced vacuum resistance so 
obtained. 

When valves are worked in cascade, if the several valve 
circuits are completely separated by induction coils or 
condensers, the same plate battery may be used to provide 
E.M.F. in the plate circuits of all the valves with a corre¬ 
sponding reduction of weight and cost. Also by the use 
of a filament-heating battery of a sufficient number of cells 
provided with a rheostat in series with the filament and a 
potentiometer resistance across the terminals of this single 
battery, one and the same battery can provide the filament¬ 
heating current and also the E.M.F. for the plate circuit. 

With respect to the telephone inserted in the plate 
circuit of the valve, or last valve of the series, it is sometimes 
a high resistance telephone inserted directly in the plate 
circuit, but is preferably a low resistance instrument con¬ 
nected to the secondary circuit of a small iron-cored induction 
coil, the primary fine wire circuit of which is joined into the 
plate circuit. 

The internal resistance of the valve being generally 
high, 10,000 to 100,000 ohms or so, and the E.M.F. of the 
battery in the plate circuit being usually 100 volts or so, the 
above inductive coupling of the telephone receiver avoids 
the risk of shocks to the operator and also breakdown of the 
telephone receiver insulation and enables a less expensive 
telephone to be used. It is generally necessary to put a 
condenser across the terminals of the fine wire high resistance 
coil of the induction coil which is inserted in the plate 
circuit. 

2. As regards the arrangements of valves for reception in 
spark telegraphy, it is usual to employ one or more valves 
in cascade as radio-amplifiers in the first place. The 
rectification and detection of the oscillations may then be 
achieved by the use of a crystal (carborundum), or, if 
desired, by a three-electrode valve with or without stopping 
condenser in the grid circuit as explained in Chapter V. 

Finally one or more valves in cascade can be used for the 
audio-amplification of the rectified trains of waves. 

As an illustration of such a valve receiver we give in 
Fig. 128 an illustration of the Marconi Company’s amplifier 

225 Q 


The Thermionic Valve in 


and detector, Type 50. It is a four-valve set used in con¬ 
junction with the usual tuner. It comprises a teak box 
with an ebonite panel, on which are mounted four small 
tubular valves, a series resistance and a potentiometer. 
The first three valves on the left are used in cascade for 



radio-amplification, and the fourth on the extreme right 
for rectification and detection. The amplifying valves are 
of the type known as V 24, and the rectifying valve of the 
“ Q ” type. 
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Fiy. 128.—The Marconi Company’s Valve Amplifier and Detector, Type 50. 
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The lamp filaments are worked in parallel off a 3-cell 
storage battery giving 6 volts, and the sliding rheostat 



inside the box controls the filament currents of the amplify¬ 
ing valves. The rheostat controlling the filament current 
of the detector valve is on the outside top of the box. The 
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potentiometer inside the box controls the potential of the 
grids of the three amplifying valves and that on the outside 
the grid potential of the detector or rectifying valve. 
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This particular set is adjusted for a wave length of 600 
metres. Another similar supersensitive valve receiver set, 
called Type 55, is made by Marconi’s Wireless Telegraph 
Company, and contains seven thermionic valves. A view 
of it is shown in Fig. 129. The first six valves in the set 
which are joined in cascade are of the V 24 type, already 
mentioned, and the seventh is a rectifying valve of the 
“ Q ” type. A six volt storage battery supplies the current 
for incandescing the filaments of all the valves, and a 25-cell 
(50 volt) battery supplies the plate E.M.F. to produce the 
plate currents in all the valves. The sensitiveness of this 
set is such that if a few turns of wire are wound on a square 
wood former of 2 ft. length in side and this closed circuit 
aerial connected to the first amplifying valve, the telephone 
in the plate circuit of the last or detector valve will yield 
loud signals from ordinary ship installations 200 or BOO 
miles away provided the plane of the closed receiving coil 
is vertical and approximately in the direction of the trans¬ 
mitter sending out the waves. 

The scheme of connections of this last set is shown in 
Fig. 1B0. In the first six radio-amplifying valves, V 24, the 
grid circuit of one valve is connected to the plate circuit of 
the previous valve by means of a transformer or induction 
coil, and the two coils of this transformer are joined across 
by a small condenser. The grid of the detecting or last valve, 
Q, is then oscillated in potential over a greatly magnified 
range and in the grid circuit of the last or detecting valve 
a variable E.M.F. derived from a potentiometer can be 
applied so as to fix the point of working at the lower or 
upper bend of the characteristic curve. As already ex¬ 
plained, the oscillations of potential of the grid then cause 
oscillations in the plate current, but these can be so adjusted 
by working at the selected point of curvature that the mean 
value of the current through the telephone connected with 
the plate circuit of the detecting valve is increased or 
diminished by the signals and a sound is heard therefore as 
long as damped waves impinge on the receiving aerial. 
The details of the arrangement will be understood from the 
.diagram in Fig. 130. 

As the induction coils interconnecting each valve have a 
fixed inductance, and as the condenser connecting the two 
coils has a fixed capacity, there is a limited range of wave 
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lengths or even an exact wave-length for which such a series 
of cascaded valves will operate as a detector. With the 
object of being able to vary this wave-length over somewhat 
wide limits, the Marconi Company supply a valve set in 
which a peculiar kind of iron core is made to slide in or 
out of the coils of the interconnecting transformers. This 
core is a wood rod, having cast round it cylinders of paraffin 
wax impregnated with finely divided iron. This core 
cannot absorb energy by eddy currents produced in it, but 
it serves, when pushed into the coils, to increase the induct¬ 
ance, self and mutual, of the coils, and thus varies the 
natural wave-length of the set. The arrangement is shown 
diagrammatically in Fig. 131. 

3. The immense superiority of modern valve receiver 
sets in spark radiotelegraphy as compared with any crystal 
or magnetic detector or simple rectifying valve is due 
principally to the properties of the three-electrode valve in 
virtue of which a number can be used in cascade and also 
to the intercoupling of the grid and plate circuits usually 
called the re-action coupling. 

In the case of continuous wave (C.W.) transmitters the 
power of generating oscillations which is possessed by 
valves with close grid and plate coupling makes practicable 
methods of heterodyne and autodyne reception which have 
quite revolutionised wireless telegraphy. We are then 
very much concerned with the methods by which valves 
are connected in cascade and the difficulties involved. 
In what follows w r e shall quote freely from a valuable article 
by Mr. J. Scott-Taggart in The Wireless World for February, 
1919 (p. 628), on “ The Use of Impedance, Capacity, and 
Resistance Couplings in High Frequency Amplifiers.” 

Broadly speaking, it is an advantage to use the thermionic 
valve as a radio-amplifier or magnifier of the high frequency 
oscillations, and then to make these enhanced oscillations 
affect a valve used as a detector, and if need be to afterwards 
amplify the audio-frequency oscillations thus produced. 
It is not good practice to put the detector valve first in the 
series and then employ other valves solely to magnify the 
audio-frequency oscillations or rectified trains. As a general 
rule the weaker the signals the less efficient is the valve as a 
detector because the changes of slope in the normal charac¬ 
teristic curve are gradual; in other words, the bend in the 
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curve is not sharp and hence, as already explained, the 
changes in potential of the grid produce hardly any variation 
in the mean value of the plate current: unless the amplitude 
of the oscillations exceeds a certain minimum. It is better 
therefore first to strengthen the incoming oscillations by a 
suitable number of valves in cascade, and then to detect and 
afterwards amplify again. 

We shall now proceed to discuss some of the methods of 
intercoupling of valves in cascade when used as radio¬ 
magnifiers. 



Fig. 132.—Receiving arrangement of two Valves coupled through 
an Iron-cored Choker, due to Mr. A. Hoyt Taylor. 


In place of a simple induction coil it is possible to couple 
two valves through a choking coil as shown in Fig. 182. This 
arrangement is due to Mr. A. Hoyt Taylor. A small stopping 
condenser C] or C 2 ,is placed in series with the grid of each valve. 
The plate circuit of the first valve contains an iron-cored 
choker M, which permits the passage of the steady P.-C. 
plate current furnished by the battery, but stops the H.F. 
oscillations. The result is that pulsatory voltages are 
impressed on the grid of the second valve, producing loud 
signals in the telephones inserted in the plate circuit of 
the last valve. With selected valves and such a circuit, 
signals from Nauen, near Berlin, have been read at North 
Dakota, a distance of 10,000 miles on an aerial 75 feet 
high. 
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Fig: 133.—Receiving arrangement of Valves in Cascade coupled through high resistances. (J. Scott-Taggart.) 
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In place of the inductance or choking coil we can employ 
a simple high resistance coil of wire as a coupler. 

Mr. Scott-Taggart has described ( loc . cit.) a number of such 
cascade arrangements. Fig. 133 shows one such scheme. 
A condenser of small capacity, .0003 mfd., is placed in the 
grid circuit of each valve, and a very high resistance of about 
5 megohms is connected across each grid and filament. 
This last resistance is made by making a groove in a slip of 
ebonite and rubbing an ordinary lead pencil along the 
groove so as to cover it with plumbago. Suitable metal 
contacts and terminals are provided at each end of the 
groove. In each plate circuit is also placed a high resistance 
capable of being varied from 10,000 to 100,000 ohms. 

The function of this plate resistance is similar to that of 
the choking coil in Mr. Hoyt Taylor’s scheme. The rapid 
oscillations of potential and the slow variations due to the 
plate current are by the resistance communicated to the 
grid of the next valve. 



Fia. 134.—Receiving arrangement of two Thermionic Valves, both 
used as Rectifiers, coupled through a very high plumbago resis¬ 
tance. (J. Scott-Taggart.) 


In Fig. 134 is shown another mode of coupling two valves 
described by Mr. Scott-Taggart as follows :— 

Both valves are used as rectifiers and have leaky con¬ 
densers in their grid circuits. In the case of the second 
valve the leak, which is of about 4 megohms, is connected 
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between the grid and filament of the second valve. The 
resistance R is about 75,000 ohms. Only one 100-volt 
battery is used for both plate circuits and one 6-volt battery 
for incandescing both filaments. 

The telephone in the second plate circuit is shunted by a 
small condenser. 

In this arrangement oscillating high frequency potentials 
are set up across the resistance R, and also much slower 
variations with beat or spark. frequency, if a spark trans¬ 
mitter is employed. At the foot of R we have, therefore, 
voltage impulses of radio- and of audio-frequency and 
these are communicated to the grid of the second valve and 
are amplified into audio-frequency variations of plate or 
telephone current. 

In Fig. 135 is shown a four-valve amplifying circuit of 
great efficiency. The first valve is used as a radio-amplifier 
and has a potentiometer in its grid circuit to adjust the 
potential of its grid to the point on the characteristic 
curve which gives the greatest plate currents variation. 
The three other valves have coupling resistances of about 
80,000 ohms. Variation of potential are therefore produced 
at the foot of the resistance R x and impressed on the grid 
of the second valve. This valve and the two remaining 
ones act as high and low frequency amplifiers and as recti¬ 
fiers, since they have leaky condensers in their grid circuits. 
Their filament currents are controlled by a common resist¬ 
ance R 4 and the receiving telephone is placed in the plate 
circuit of the last valve. The last plate circuit and the first 
grid circuit can also be coupled through a small condenser 
or a resistance, and this coupling (shown by the dotted line) 
strengthens the signals by the reaction principle already 
explained. 

Fig. 136 shows a six-valve receiving set designed on the 
same fines. Here the first valve on the left is used as a pure 
amplifier of high-frequency oscillations and the remaining 
valves are amplifying rectifiers. Circuits are arranged for 
i re-active coupling of the first grid circuit and the plate 
circuit of any following valve. 

4. The thermionic valve finds one of its greatest fields of 
utility in the reception of continuous waves (C.W.). It 
may be said without fear of contradiction that the discovery 
of the oscillation-generating power of the three-electrode 
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Fig. 13(5. —Receiving arrangement comprising six Thermionic Valves in Cascade, coupled through high resistances 
and condensers. A is the Filament Heating Battery, and B is the Plate Battery. 
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valve gave new life to methods of C.W. production, such as 
that of the Poulsen arc and the ILF. alternator. 

The heterodyne method of beat reception was at most a 
possibility until the oscillating thermionic valve replaced a 
very expensive H.F. alternator as a local H.F. oscillation 
generator. Accordingly, methods for the utilisation of the 
thermionic valve in C.W. production and reception have 
attracted great attention. 

We shall mention first some arrangements for using the 
thermionic valve as a transmitter or generator of oscillations. 
For this purpose the thermion is generally made with a 
much larger bulb, and thicker and perhaps higher voltage 
filament, than is usual in the case of receiving valves. Much 
more power has to be obtained from it, or modulated by it, 
and it therefore becomes much hotter in use. Again, it is 
essential that a generating thermion should be of very high 
vacuum so as to avoid rapid destruction of the filament by 
ionisation in the bulb. The surface exposed by the incan¬ 
descent filament must also be greater than in a receiving 
valve, and this means a higher filament voltage and larger 
filament-heating battery. Grids and plates are also made 
of more substantial metal in the oscillating thermion than in 
the receiving valve. 

The following is a description of a simple C.W. generating 
set, described by Mr. J. Seott-Taggart in The Wireless World 
for April, 1919, in an article entitled “ Practical Notes on 
the Use of Small Power Continuous Wave Sets.” 

The aerial (see Fig. 187) is in series with a tuning coil, L, 
and this is shunted by a small tuning condenser Ci of 
variable capacity averaging about .005 mfd. Another 
condenser C 2 is inserted between the base of the coil L and 
the earth, having a hot-wire ammeter, A, in series with it. 
The plate P of the valve is connected through a high tension 
battery of about 400 volts and a key K with the upper 
end of the coil, L. This battery is shunted by a small 
condenser. 

The grid G is connected through a coil E with the 
filament of the valve and the coils E and L are coupled 
inductively with a variable coupling. 

The frequency of the oscillations set up depends on the 
inductance L and on the capacity Ci and to some extent 
on the coupling of E and L. 
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As regards the aerial, the range depends upon the height, 
but the advantage of height is not so great as in the case of 
spark transmitters, and it is advisable not to employ an 
aerial longer than necessary. A directive aerial about 30 
feet long and 3 feet high will enable communication to be 
carried on over 5 miles or more. If the coupling of the coils 
R and L is sufficiently close, then on closing the key K the 
system will commence to oscillate and the ammeter A should 
read about 150 milliamperes and should be capable of being 
increased to about 300 milliamperes by careful adjustment. 




Fig. 137. —Arrangement of Circuits for using the Three-Electrode 
Thermion as a Generator of Oscillations, with Coils R and L in 
the Grid, and Plate Circuits coupled closely together. 


This current should be perfectly constant as long as the key 
is kept down. It is convenient to tune for a w^ave-length 
of about 1,000 metres, which implies a frequency of 300,000. 
As regards C.W. receiving arrangements the following 
schemes of connection have been given by Mr. J. Scott- 
Taggart in The Wireless World for May, 1919, in some 
“ Practical Notes on the Use of Small-Power Continuous 
Wave Sets.” 

Fig. 138 shows a typical C.W. reception valve set. 

The aerial tuning inductance L is connected across the 
grid and filament of the valve. Cj is a variable tuning con- 
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denser and C 4 is a condenser of .01 mfd. capacity in series 
with the earth. C 2 is a small stopping condenser made 
leaky by being shunted by a high resistance formed by a 
few plumbago lines drawn on ebonite. In the plate circuit 
of the valve is a reaction coil R coupled to the aerial tuning 
coil L by a variable coupling, also a battery B giving voltage 
up to 100 volts and a pair of high resistance telephones T. 
A small shunting condenser C 3 is placed across the telephone 
and battery, which affords a path for the high frequency 
oscillations in the plate circuit. In place of the high resist¬ 
ance telephones a low resistance telephone coupled induc¬ 
tively to the plate circuit is preferable. 



Fig. 138. —Typical Reception Set for C.W. Signals consisting of an 
Oscillation-producing Thermion, which creates audible beats by 
interference with arriving Continuous Waves. 

To receive continuous waves the arrangement must be set 
oscillating, and for that purpose the coupling between R 
and the aerial inductance must be increased gradually until 
the self-produced oscillations start. This may be recognised 
by noticing the tone of spark signals received. They are 
very hoarse, no matter what their frequency. Also, if the 
aerial terminal is touched there should be a sharp click in 
the telephone, or, if the aerial tuning inductance is opened 
or the tuning condenser short-circuited, the same click 
will be heard. The best way, however, is to hold a vacuum 
tube fitted with rarefied Neon near the tuning inductance 
coil. If the oscillations are being produced the tube will 
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glow. If none of these effects are produced then the valve 
is not oscillating and will not therefore detect C.W. signals. 

To make it detect them we have to alter the frequency of 
the self-produced oscillations until they differ from that of 
the incoming waves by about 500-700. The result is to 
produce beat oscillations in the valve circuits which are 
then heard as a shrill note in the telephone. The natural 
period of oscillation of the valve circuits must, however, 
be greater than about 20,000 so that no sound is heard in 
the telephone unless C.W. wave3 fall on the aerial conveying 
messages. 

This tuning of the valve circuits is effected by altering the 
capacity of the condenser which shunts the inductance in 
the plate circuit of the valve. The heterodyne reception 
method has the great advantage that the receiving opera¬ 
tor can alter the pitch or note of the signal sounds by varying 
slightly the natural frequency of his own generating set. 
Also it has far greater exemption from atmospheric disturb¬ 
ance than in the case of spark or damped wave radio¬ 
telegraphy. The natural atmospheric discharges are all 
damped waves of not very small decrement, and hence will 
not combine with the locally generated continuous oscilla¬ 
tions to give beats, at least not to any very great extent. 
On the other hand, in the case of spark telegraphy every 
atmospheric discharge is heard as a tick or a click in the 
telephone. 

Again, it is far more easy to exclude deliberate attempts 
at jamming, as the difference between the local frequency 
and signal frequency must be constant and within some¬ 
what narrow limits to give audible beats. In Figs. 189, 
140, and 141 are given diagrams, due to Mr. J .Scott-Taggart, 
for C.W. reception. The arrangement in Fig. 141 is useful 
to obviate interference from spark-transmitters. For this 
purpose the aerial is very loosely coupled with the receiving 
circuits. 

The diagrams in Figs. 139 and 140 are taken from an 
article by Mr. J. Scott-Taggart on “ The Valve as an Ampli 
tier,” which appeared in the Wireless World for March, 1918, 
and May, 1919, and the diagram in Fig. 141 from an article 
by the same author in the Wireless World , entitled “ Practical 
Notes on the Use of Small-power Continuous Wave Sets,” 
which appeared in May and June, 1919. 

241 


R 


The Thermionic Valve jn 



Fig. 139.—Thermionic Reception Set for C.W. Signals, employing a 
Crystal Detector, D, for detecting the beats. 



Fig. 140.—A Thermionic Reception Set for C.W. Signals. 
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5. We shall conclude this chapter by a few notes and 
references to recent theoretical investigations on the ther¬ 
mionic valve as detector and oscillator. 

In many investigations it is necessary to bear in mind 
the difference between the true mean (T.M.) value, the 
root-mean-square (R.M.S.) value, and the first maximum 
instantaneous value, in the case of damped intermittent 
oscillations. The instantaneous value of a damped oscil¬ 
lation is represented mathematically by an expression of 
the type Is-** sin pt , where t is the time, p=27m, and 



Fig. 141. —Thermionic Reception Set for C.W. Signals, with very 
loosely coupled Aerial to avoid interference by spark system 
Stations in proximity. 

n is the frequency, also a—2nS, w T here £ is the decrement 
per semi-oscillation, and I is the amplitude of the first 
oscillation, assuming that there is no sensible damping in 
the first quarter-period. If we suppose N trains per second 
of such oscillations to be sent through a hot-wire ammeter 
the current that will be read on the instrument is the root- 
mean-square value of these oscillations, and this is equal to 
the square root of the integral 
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It is easy to show that this B.M.S. value is equal to 

/ N 

V 8n§ °* max * muin va l ue > or that 

7 = ^ 8 xRM,S - vaIue - 


This relation holds good for damped oscillations of poten¬ 
tial as well as of current. 

Thus, for instance, if damped oscillations are taking place 
in a condenser, and if an electrostatic voltmeter applied to 
the terminals reads a B.M.S. voltage (7), the potential 


difference really rises to 



X (7) in the first oscilla¬ 


tion. 

Therefore, if the semi-period decrement $=0.1, and 
if n=5xl0 5 , corresponding to a wave length of 
2,000 feet, and if the spark frequency is 400, we have 

7^=32 nearly. 


Hence, if the B.M.S. voltage was 0.1 volt, it would mean 
that the first oscillation of each train reached a value of 
3.2 volts nearly. 

The above is important in connection with rectification 
of currents by a simple Fleming valve. 

It has been pointed out that if we draw the characteristic 
curve of such a valve obtained by applying measured 
voltages in the external circuit connecting the plate with 
the negative end of the filament, we do not obtain an abso¬ 
lutely zero current when this impressed voltage is zero. We 
have to apply a small negative or reversed voltage of about 
0.5 to 1.0 volt to reduce the current to zero. In other 
words, the characteristic curve does not start from the 
zero of impressed voltage, but from a point about 0.5 to 
1.0 volt on the negative side. It has therefore been con¬ 
tended that the Fleming valve does not rectify for very 
small impressed voltages, and it has been sometimes deemed 
necessary to rest the explanation of the action of a Fleming 
valve as a detector in wireless telegraphy upon a change 
in slope of the characteristic curve at the place where it 
crosses the ordinate through zero voltage. This, however, 
is not always necessary if we bear in mind that when em- 
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ploying damped oscillations there may be a very great 
difference between the R.M.S. value of the potential differ¬ 
ence at the terminals of a condenser in a receiving circuit 
and the maximum value of that potential oscillation. 

Thus, for instance, suppose the R.M.S. potential difference 
at the terminals of the condenser in a receiver actuated by 
spark signals was 0.1 volt (and it may often be a great deal 
more), the first maximum potential difference in each 
oscillation may amount to 2 to 4 volts or more, according 
to the decrement, frequency of spark, and wave length. 
Accordingly, for the greater part of each train of oscillations 
the potential amplitude would be such that the current 
through the valve would be absolutely zero for one direction 
of oscillation in the train. 

Hence the valve would rectify in quite the ordinary 
acceptation of the term, and there is no necessity to fall 
back upon any other explanation of its operation as a 
detector. 

We pass on then to consider some points in the theory 
of the three-electrode valve, which we owe particularly to 
the study of it made by G. Vallauri, H. J. Van der Bijl, 
S. Ballantine, J. M. Miller, and others.* 

We have already seen that in a three-electrode thermion 
the plate current, i p , is a function of the grid potential or 
voltage v g and of the plate potential or voltage, v p . 
Hence the connection of the three variables can be re¬ 
presented by a surface called the characteristic surface, and 
sections of this surface are called characteristic curves . 

Irving Langmuir has given the equation to this surface 
in the form— 

i p =A{v p +kv g )W . . . (1) 

Where k is a constant depending upon the particular 
construction of the tube and grid and plate. 

In investigating the behaviour of the thermion experi¬ 
mentally, it has been usual to consider curves which are 


* * Seo G. Vallauri Estratto dot Giornale VEleUrolecnica, January 25th, 
February 5th, 1917. H. J. Van der Bijl, Theory and Operating 
Characteristics of the Thermionic Amplifier; Proc. Institute of Radio • 
Engineers , New York , IJ.S.A,, Vol. 7, April, 1919, p. 97. Ditto S. 
Ballantine, p. 129 ; and J. M. Miller, A Dynamic Method of determining 
the Characteristics of the Three-Electrode Vacuum tube ; Proc . Institute 
of Radio-Engineer s % Vol. 6, June, 1918, p. 141. 
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sections of the characteristic surface, taking either grid 
potential v g as constant or plate potential v p as constant. 

About a certain region this characteristic surface is 
almost a plane, and the equation of it in that region has 
been given by Vallauri as— 

ip=av g +bv p +c . ... (2) 

Hence it is clear that if the plate voltage is kept constant, 
the slope of the characteristic curve is di p /dv g =a, and if 
the grid voltage is kept constant the slope of the charac¬ 
teristic curve is di p jdv p —b. Both a and b are of the dimen¬ 
sions of a conductance. Accordingly there are two prin¬ 
cipal characteristic curves—viz., the plate-current grid- 
potential curve, and the plate-current plate-voltage curve. 
The slope of the first is a, and that of the second is b, for 
the region where the surface is nearly plane. 

The two quantities, a and b , are fundamental in deter¬ 
mining the behaviour of the thermion as an amplifier and 
oscillator. 

Their ratio, a/b y is the same quantity as the k in Lang¬ 
muir’s equation (1). The quantity 1/b is the internal 
resistance of the bulb or vacuum in the plate circuit when 
traversed by the oscillations of the frequency used. 

Van der Bijl has proposed another form of equation for 
the characteristic surface—viz. : 

i p -=A{ yVp+Vg+z) 2 . . . (3) 

and it is obvious that his coefficient, y, is a quantity of the 
same nature as the reciprocal of Langmuir’s coefficient, k. 
Van der Bijl also employs a symbol, for the reciprocal 
of y, and this is then identical with Langmuir’s lc. 

The quantity represented by a/b, [x or k, or 1/y is im¬ 
portant, and is called the amplification factor or ratio of the 
thermion. 

Since a=di p /dv g and b=di P !dv pf it follows that ajb= 
dvp/dvg. Hence the amplification factor is the slope of the 
curve formed by plotting plate voltage or potential in 
terms of grid potential. 

The importance of this amplification factor is that it 
determines the value of the bulb as an amplifier of feeble 
radio-oscillations of potential, and its magnitude depends 
upon the relative distances of filament, grid, and plate, and 
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upon the closeness of the grid wires or mesh, also to some 
extent upon the filament temperature. Also it varies with 
the particular region of the characteristic surface in which 
operation takes place. It is therefore far from being a 
constant quantity, and is best called a factor. 

The practical measurement of it for given conditions of 
working is important, and methods of doing this have been 
given both by J. M. Miller and by H. J. Van der Bijl 
(loc. cit .). 

A second important quantity is that called the internal 
resistance or impedance of the tube (!?»). This is the ratio 
of small increments of plate voltage or potential to plate 
current—viz., dv p /di p . It is denoted by the symbol, jR*. 

At low frequencies this impedance is a pure resistance, 
and may range from 5,000 to 500,000 ohms. 

Methods for its measurement have been suggested by 
Bijl and Miller. 

The first of these is based on the assumption that the 
characteristic is nearly a straight line at the central portion, 
and that the internal impedance is the slope of the direct 
current characteristic. A useful theorem has been 
suggested by H. H. Belty as follows :— 

Let l p be the direct current component of the plate 
current, and i the alternating current component. Then 
the total plate current, i p —I p +i. 

Let Eg be the voltage of the grid battery and e g the 
alternating potential impressed on the grid. Then the total 
grid potential, v g =E g +e g . 

Let E v be the voltage of the plate battery, and let x+jy 
be the impedance of a coil inserted in the plate circuit 
which has a direct current resistance, x f . Then the resultant 
plate voltage, v p =E P — IpX '— i {x+jy). 

But by Vallauri’s equation we have— 

i p =av g +bv p +c . (1) 

and substituting the values above for i p , v g and v p , we 
obtain the equation— 

I p +i—a (E g +e g )+b {E p — I p x f —i {x+jy))+c . (2) 
But the steady current, 

I p —a E g +b {E p — I p x f )+c . . . (3) 

Hence by subtraction we find— 

i=a e g —bi {x+jy) . . . . (4) 
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or 

l e t= i l+*( x +jy) 

■ ■ ■ (5) 

or 

k e g —i Ri+i (; x+jy ) 

. . . (6) 

or 

k e g =i{Ri+x+jy} . 

■ • • (7) 


This last equation is the expression for a current, i, flowing 
in a circuit of impedance, Bi+x+jy, under an impressed 
EM.F.=ke g . Accordingly the alternating part of the 
plate current is that current which would flow in a circuit 
of impedance equal to that of the valve plate circuit under 
an E.M.F. fc-times that alternating voltage impressed on 
the grid. Hence the suitability of the term amplification 
factor for the quantity k. 

Thus, for instance, suppose we have two identical ampli¬ 
fiers connected in cascade by resistance coupling, and that 
we have in the plate circuit of the first valve a high resis¬ 
tance, B 9 and from the ends of this resistance connections 
taken respectively to the grid and filament of the second 
valve. Let e g be the alternating voltage impressed on the 
grid of the first valve. Then ke g ~i (.B*+B), where B* is the 
internal resistance of each valve. But iB is the A.C. 
potential impressed on the grid of the second valve. Hence 
we have— 


iB , B 
r,Ri+ii 


( 8 ) 


Again, for the second valve we have, if i 1 is its plate current, 
kiR—i 1 (Bi+B) . . . . (9) 


and the P.D. at the terminals of the resistance, B, in the 
second valve plate circuit is ihB. Accordingly, from the 
last two equations— 


i x B 


_ / kB \ 2 

- Vb7+b/ 


( 10 ) 


Hence the voltage amplification for n similar valves so 
coupled in cascade is— 


/ kB 

\Ri+R 



• (H) 


J. M. Miller has given a simple method of measuring the 
quantities k and R { for any valve as follows :* 


* See Proceedings of the Institute of Radio-Engineers, oi New York. 
Vol. 6, p. 144, Juno, 1918. 
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An alternating voltage having a frequency of 1,000 to 
2,000 is applied to the ends of a potentiometer wire, c d, 
having a sliding contact (see Fig. 142). One end of this 
potentiometer wire is connected to the grid of the valYe 
through a grid battery, and the shifting contact to the fila¬ 
ment. The plate is connected to the other end of the poten¬ 
tiometer through a plate, battery and telephone, and a 
variable resistance R from 0 to 10,000 ohms is inserted as 
shown. A key, K, is placed in series with this resistance. 
Let Ti and r 2 be the resistances of the two sections of the 
potentiometer wire, and with the switch open let the contact 
point be shifted until no sound is heard in the telephone. 
Then if A is the alternating current flowing in the potentio¬ 



meter wire, r x A is the alternating potential applied to the 
grid and r 2 A is the alternating E.M.F. in the plate circuit. 
Hence we have— 


k= 


U 

Ti 


. ( 12 ) 


To determine the internal resistance, R if of the valve we 
put the slider at the middle of the potentiometer wire, and then 
vary the resistance, R , until no sound is heard in the tele¬ 
phone when the switch, S, is closed. Then, if A is the A.C. 
current in the potentiometer wire, the potential, e g , applied 
to the grid is r x A, and the current in the plate circuit is 


therefore equal to 


kr x A, 

Ri-hR 


, and the potential drop down the 
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/ct* jR 

resistance, R, is j ~_since no current flows through the 

telephone. But this last P.D. is balanced by the fall in 
potential, r 2 A, down the potentiometer wire. Hence— 


r 2 _ kR 
Vi R{-\- R 


(13) 


If, then, r 2 ~r x we have R{=(k —1) R. 

If the amplification factor, 7c, and the internal resistance, 
Ri , are thus measured with various values of the plate 
circuit impressed E.M.P. we can set them out in the 
form of curves as in Fig. 143, which is taken from J. M. 



Fjo. 143. —Curves representing the Variation of Amplification Factor 
A., and Internal Resistance Ri, of a Thermion. 
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Miller’s paper (Zoc. cit.). Furthermore, we can determine 
from them the value of the quantity called by Hazeltine 
the mutual conductance of the grid and plate circuit.* It 
would be better to call it the characteristic slope of the 
thermion. For we have seen that if v g is the resultant 
grid potential and v p is that of the plate, then k—dv p /dv g , 
and also Ri=dv p /di pf where i p is the plate current. Hence 
k/Ri=di p /dv g . But this last is the slope of the curve 
which defines the relation of plate current to grid voltage, 
and is Hazeltine’s mutual conductance, which he denotes 
by the letter g . 

A method of measuring the mutual conductance directly 
has been devised by Stuart Ballantine (see Proc, Institute of 
Radio Engineers , Vol. 7, p. 129, April, 1919,“ On the Opera¬ 
tional Characteristics of Thermionic Amplifiers ”). 

It is clear, however, that the mutual conductance, g, 
the amplification factor, k, the internal resistance, R{, and 
Vallauri’s factors, a and 5, are connected with one another 
as follows : 


a 

b 


=k; R { 


1 k 

y r { 


a or 


9 


Accordingly, we can take the parameters of the three- 
electrode valve to be k t R if and a. 

The quantity i? t * is measured in ohms, the quantity a is 
of the dimensions of a conductance, and is measured in 
ohms, and the quantity k is a mere numeric. 

We shall conclude this chapter by considering the con¬ 
ditions under which a three-electrode thermion with mutu¬ 
ally inductive grid and plate circuits can set up self-sustained 
undamped oscillations. Consider the scheme of circuits in 
Fig 144, where B l is the filament battery. 

Let L x and L 2 be the inductances of the grid and plate 
circuits, and M their mutual inductance, and R the resis¬ 
tance of L lf and G the capacity shunted across it. Then if, 
as above, i p is the plate current and e g the grid alternating 
voltage, and i the current in the oscillation circuit, L lf R , C, 
we can then write down the two differential equations of 
E.M.F. for the grid and plate circuit as follows : 


* See L. A. Hazeltine on “ Oscillating Auction Circuits.” Proc . 
Institute of Radio Engineers . Vol. 6. p. 63, 1918. See also Chapter IV 
of this book. 
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L^+Ri+lfidt+M d ^=0 . . (14) 

• - (15 > 

Also we have— 

e p —ke g =^fidt . . . (16) 



Fig. 144.—Typical Thermionic Circuits for Auto-production of 
Oscillations. 


Eliminating e p and i p from these equations (14) and (15), 
by differentiation, after substitution from (16), we have the 
equation (17) for the oscillatory current, i, in the L 1} 11, C, 
circuit as follows : 

(L L M*\ dH \ CRT i R T \ dH I {RttiP.+Lr-kM) & 
(L.L.-M ) dt3 +(RL t +R i L l ) dt2 + -£- di 


+£)‘ i “ 0 • 


(17) 


This equation is of the type 
dH , _ d 2 i 


dH dH di . n 

« ~+p i-r+r v. + «» = 0 


dt 
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The last equation (18) can be written in the form— 


d 

dt 


(•§ + r < ) + 6 i S +!,i )- 0 


. (19) 


We require to find the conditions under which the current, 
i, will be an undamped oscillation. This implies that there 
must be a solution of (19) in the form i—A e* 1 *. 

One solution that satisfies the equation (19) is that the 
pair of equations (20), viz.: 


dH 
dt 2 


+ li=0, andfi+Ji=0 


• ( 20 ) 


shall be simultaneously satisfied. Because if these are 
simultaneously satisfied by a certain value of the current, i, 
the differential equation (18) of the third order is also 
satisfied. 

These two last equations (20) are both satisfied by an 
expression of the form, i=A e jpt . Hence they denote 
undamped oscillations which have identical frequency, 
provided we have— 

8 Y 

V = o = - Or a : P=Y : 8 
pa 

Therefore, substituting the full expressions equivalent to 
a, 0, y, we have, as the condition of the establishment of 
undamped oscillations in the valve circuits, that— 


Ri RL 2 -\~R iLi 

RRiC+Lt-kM = L X L 2 ~M 2 


• ( 21 ) 


Now R { is the internal resistance of the bulb, and is always 
very large compared with any possible value of R, whilst 
Lj and L % are of the same order. Hence RL 2 can be neglected 
in comparison with RJj^ and the equation (21) reduces to 


M 2 -kL t M+CRLJBi^O .... ( 22 ) 
But we have seen that k=a/b and R^l/b, where a is the 
mutual conductance of the plate and grid circuits, or the 
slope of the characteristic curve delineating plate current 
in terms of grid potential. Accordingly (22) becomes— 


M , GR 
° - L l Ri + M 



The quantity a, or characteristic slope, must lie between 
a certain maximum value at the centre of the curve and a 
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zero value at the point where the plate current reaches its 
saturation value. 

Equation (23) is a quadratic in M. If we write it out and 
solve it we have— 

M 2 — I^Ri aM +CBI* B* == 0 . . . (24) 

or M=- 1 ^“±^(^^) 2 -CRL 1 R i . (25) 


If a — 0, then it is clear that M becomes imaginary and 
therefore impossible. 

If a =2^/~ ,ihen M=VGRL l R i . . (26) 


and for no value of a or M less than these will the oscillations 
be set up and sustained. 

There is therefore a minimum inductive coupling of the 
plate and grid circuits below which the persistent oscillations 
are not produced. 

When they are produced their frequency, n, can be 
determined from the constants, C, B and L u of the oscilla¬ 
tion circuit by the formula— 

_ 1 fl fl* /0 _. 

2ttV L,C 4V • • ’ ( 27) 


and the corresponding wave length, A, in metres is given 
by (3x10 8 )/w=A. 

A numerical example may make the use of these formulae 
clearer. Suppose we employ a thermion of which the 
internal resistance, B if has been determined to be 15,000 
ohms for a plate voltage of 60 volts. Let the resistance of 
the oscillating grid circuit be 25 ohms and its inductance, 
Li=65 microhenrys. If we wish to set up oscillations 
corresponding to a wave-length of 200 metres it is required 
to find the capacity in the grid circuit and the mutual 
inductance of the grid and plate circuit to achieve this 
result. 

We have A.=200 metres; therefore n=(3xl0 8 )/200= 

1 ‘5 X10 6 . Then from (27) C=^=^mjd. Hence the least 

5,7 / 


value of M must be by (26) 64 microhenrys. 

Furthermore, since it is not in general practicable to use 


a closer coupling 


M 
\ VLi L, 


( 


than 0.5 it follows that L a must 


254 






Radiotelegraphy and Telephony 

have some such value as 250 microhenrys to fulfil thi3 
condition. 

It will therefore be seen that the parameters, fe, and a, 
are most important constants or characteristics of any 
particular three-electrode valve, and should be given by the 
maker of it in the form of curves set out in terms of plate 
battery voltage. 

There is yet a large amount of research to be done in 
connecting together the effect of various types of valve 
construction with the magnitude of these coefficients to 
enable thermionic valves, amplifiers and oscillators to be 
designed with certainty for various purposes. 

The author trusts that some of the information given in 
this treatise may be of assistance to research workers in 
grappling with these practical problems. 

In connection with the use of the thermionic valve as an 
oscillation generator, an important decision has lately (July 
7th, 1919) been handed down by District Judge Mayer 
in a Judgment given in the United States District Court 
for the Southern District of New York, in an action brought 
by the Marconi Wireless Telegraph Company of America 
against the De Forest Radio Telephone and Telegraph 
Company, having reference to the use of the valve as a 
generator of oscillations. In this Judgment it has been 
declared that the Claim 1. of the Fleming United States 
Patent No. 803,684 for the thermionic oscillation valve, 
covers its use not only as a radio-detector but as an oscillation 
generator. It has been judicially held in more than one case 
that if a particular device has an inherent capacity of 
reversibility so that it can operate in either sense, a patent 
claim for the instrumentality must be considered to cover 
its use not only in one described manner but also in the 
reverse direction, though the latter may not have been 
definitely ascertained until after the date of the patent. 
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APPENDIX 

UNITED STATES DISTRICT COURT 


Southern District of New York. 

Marconi Wireless Telegraph Company of> 
America, 

Plaintiff, 

against - PI2-31 

De Forest Radio Telephone and Tele¬ 
graph Company and Lee De Forest, 

Defendants. ' 


In Equity. Suit for infringement of Claims 1 and 37 of U.S. Letters 
Patent No. 803,684, for “ Instrument for Converting Electric Currents 
into Continuous Currents,” filed April 19th, 1905, and issued November 
7th, 1905, to plaintiff as assignee of John Ambrose Fleming of London, 
England. 

Counterclaim by defendants on various claims of ten patents of 
Lee dc Forest. 

At the opening of the trial plaintiff confessed judgment as to Claims 
4 and 6 of U.S. Letters Patent No. 841,387, and defendants withdrew 
from issue Claim 5 of the same patent. Plaintiff also confessed judg¬ 
ment as to the claims in issue of U.S. Letters Patent No. 879,532 and 
defendants withdrew U.S. Letters Patent No. 837,901. Of the 


as follows : 


Number. 

979,275- 


Claims. 

■8, 16, 20, 29, and 35 


issue 

certain 

claims of 

seven 

patents 


Filed. 

Issued. 


Feb. 

2, 1905 ’ 

Dec. 

20, 1910 

! Orig. 

Feb. 

2, 1905 

Oct. 

8, 1907 

1 Div. 

Apl. 

4,1906 



( Orig. 

Feb. 

2, 1905 

Oct. 

8, 1907 

i Div. 

June 

12, 1907 



( Orig. 

Feb. 

2, 1905 

Oct. 

8, 1907 

(Div. 

June 

12, 1907 




Jan. 

18, 1906 

June 

26, 1906 

1 Orig. 

Jan. 

18, 1906 

Nov. 

13, 1906 

t Div. 

May 

19, 1906 




Aug. 

27, 1906 

Jan. 

15, 1907 


867.876— 3, 4, 5, 6, 7, 14, 18 

867.877— 4 

867.878— 2 

824,637— 8 

836,070—5, 6, 7, 8 


811,386—1, 2, 3, 13, 15, 20, 21 

Sheffield & Betts (J. Edgar Bull, Ramsay Hoguet and L. F. H. 

Betts, of Counsel), all of New York City, for Plaintiff; 

Philip Farnsworth, George F. Scull and Samuel E. Darby, 
all of New York City, for Defendants. 
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Mayer, District Judge : 

Whatever differences may exist between men of science in respect 
of the theories by which they account for the movement and action 
of the unseen forces about which so much has been testified and argued 
in this case, the solution of the points of the controversy with a single 
exception is not difficult. This, because courts, in an art of this kind, 
place their decisions upon things demonstrable and cannot speculate 
as to theories in regard to which there is not a common agreement 
among recognised authorities. 

In endeavouring to resist plaintiff’s attack, defendants have pro¬ 
ceeded on the theory that beginning with his parent patent No. 979,275 
antedating Fleming, de Forest gradually developed his first conception 
until finally it found practical exemplification in the two so-called 
three-electrode “ Audion ” devices as to which plaintiff has confessed 
judgment. In line with this plan of defence, defendants have elabo¬ 
rately built up an unsteady theoretical structure and upon this have 
superimposed an observatory from which they can see in the mind’s 
eye only that which they call “ Audion ” action. Therefore, in these 
circumstances, it is desirable, in order to avoid confusion, to consider 
first the patents in issue, and, then, the question of infringement; 
for when their true value is assigned to the patents, the controversy 
as to infringement will be better understood. The patents deal with 
those instrumentalities which, in the art, are aptly named detectors. 

“ The purpose of the detector,” as explained in simple language 
by Waterman, plaintiff’s expert, “ is to enable some indicating instru¬ 
ment to respond to and thus reveal the presence of the high-frequency 
oscillatory currents which are the result in the receiving system of th^ 
transmission of the wireless waves. These wireless waves are of the 
same nature as light, but are of greater wave-length. We have sense 
organs for perceiving ether waves of the length known as light, also 
sense organs for perceiving that range of wave-lengths known as radiant 
heat, but we have no means of detecting ether waves of those lengths 
which are employed in wireless telegraphy, and it is therefore necessary 
that their presence should be detected and indicated to us through 
some means that we can perceive. A wireless telegraph transmitter 
is thus a sort of lighthouse, which emits light of an invisible nature, 
and the receiver must furnish the eye to detect the waves which are 
emitted. . . . 

“ If we go back for the moment to the figure of the lighthouse, we 
see that if we think of light sent out from it, then the receiving antenna 
caste a shadow. The energy which it receives corresponds to that 
shadow, just as when a material object caste a shadow of light it 
absorbs the energy of the light which it intercepts, so that receiving 
antenna absorbs the minute amount of energy which it intercepts in 
the moving wave. 

“ On account of their excessive frequency and minute energy, the 
oscillatory charges which are set up in the receiving antenna are not, 
generally speaking, able to affect directly any known measuring or 
indicating apparatus. They therefore must make their presence 
felt indirectly, by producing some local effect which will permit of 
a signalling or indicating apparatus to be operated, in accordance with 
a sufficiently definite code so that intelligible signals may be sent. 
Hence a detector, as the term is used in wireless telegraphy, is a means 
of causing the oscillations to produce or vary a local current, in accord¬ 
ance with variations of the waves produced at the sending station, 
and of such a character that an indicating instrument can respond 
to them.” (See also Pierce’s Principles of Wireless Telegraphy , 1910, 
p. 142.) 
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As the practical radio art developed, there was a constant effort to 
improve the detector in three directions ; first and most important, 
in sensitiveness to received signals ; secondly, in reliability, and, 
thirdly, in ease of manipulation by the receiving operator. 

There were many types of detectors prior to Fleming, the most 
useful of which were known as the coherer, the microphone, the 
magnetic, the electrolytic, and the crystal. 

Some detectors, such as that of Hertz and the hot-wire barreter 
of Fessenden, were never of any commercial utility and may be 
disregarded. 

The coherer was in standard use for a fairly long period. It con¬ 
sisted of a glass tube with metal filings, and its operation was caused 
by the cohering of the filings due to high-frequency oscillations, thus 
transforming a practically non-conducting device into a conductor 
and permitting a local battery current. The coherer lacked sensitive¬ 
ness to feeble waves and required to be shaken or otherwise moved to 
restore the contact to its sensitive condition after the receipt of a signal. 
(See Pierce, supra , pp. 143 et seq.) 

The microphone consisted of a loose contact of two terminals pre¬ 
ferably dissimilar in character such as carbon and steel and operated 
by reason of a change of contact resistance effected by the incoming 
oscillations. This device was used both with and without a local 
battery. Its failure to attain any large commercial use was due to 
the delicacy and difficulty of adjustment. 

Of the magnetic detectors that of Marconi was widely used and 
displaced the coherer. This magnetic detector consists, in substance, 
of a moving band of soft iron passing in front of two magnets which 
magnetise the iron. A coil is so connected to the antenna that the 
oscillations demagnetise the iron band and are thus detected. Although 
still useful because of simplicity of operation and indifference to static 
discharges, this type lacked the keen sensitiveness which has become 
so important to the increasing usefulness of the art. 

The electrolytic consisted of a cell containing an electrolyte (usually 
20 per cent, nitric acid, but, in any event, any electrolytically conductive 
liquid such as common salt solution, dilute sulphuric acid or caustic 
soda) and having two immersed electrodes. One form was the Shoe¬ 
maker cell, where the two elements were dissimilar, and another was 
where the elements were of the same material, such as fine platinum 
wire. In the first form a local battery was not used while in the 
second it generally was. Though this detector was highly sensitive, 
it was extremely difficult of adjustment especially on shipboard and 
the fine wire was liable to be burned out by strong signals or static 
discharges. 

The crystal detector invented by Bose opened up a new line of 
experiment and investigation to which, among others, General Bun- 
woody, of the United States Army (retired), defendants’ expert Pickard, 
and Pierce of Harvard, later (and after the Fleming date) made 
valuable contributions. Detectors of this class consist of a self-restoring 
high resistance between solid bodies, one of which is usually crystalline 
in character, such as carborundum and molybdenite. The operation 
depends upon the phenomenon that when a contact is made with 
certain crystals current will flow more easily in one direction than 
another. 

The crystal detector, particularly because of ruggedness of material, 
is still in extensive use, but, as is generally accepted and was fully 
demonstrated in the court room, it is somewhat unsatisfactory by the 
reason of the necessity of taking time to feel around, as it were, some¬ 
times for a sensitive point and sometimes for the best point on the 
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orystal and the liability that such a point may be destroyed or its 
sensitiveness impaired by a strong incoming signal, by static, or by 
the local sending station. 

These criticisms or defects of one kind or another in the detectors 
prior to Fleming—or since, for that matter—will be fully appreciated 
when it is realised that efficiency in this art consists in attaining 
accuracy and quickness in reception of signals as well as distance, 
whether the radio message is across the ocean from one merchant 
to another, from a vessel in distress calling for help from land or sea, 
or from a naval officer to the ships under his command. 

With the state of the art as briefly outlined, supra, John Ambrose 
Fleming disclosed the incandescent lamp detector. While the United 
States patent application was filed April 19th, 1905, the effective date 
is that of the British specification filed November 16th, 1904. 

Fleming is a British scientist of the highest standing, and, as appears 
from his patent, and his papers read before learned societies, is and 
long has been recognised as a man of major accomplishments with 
the ability to make clear what he intends to convey. 

Stripped of technical phraseology, what Fleming did was to take 
the well-known Edison hot and cold electrode incandescent electric 
lamp and use it for a detector of radio signals. No one had disclosed 
nor even intimated the possibility of this use of a device then long 
known in another art. Cohering filings, magnets, electrolytes, and 
sensitive crystals, at that time , failed to give any hint of the utility in 
this art of the Edison lamp. 

What led Fleming to his result was his adherence to the theory of 
the “ rectified ” alternating currents. In his patent specification he 
put his proposition thus : 

“ This invention relates to certain new and useful devices for con¬ 
verting alternating electric currents, and especially high-frequency 
alternating electric currents or electric oscillations, into continuous 
electric currents for the purpose of making them detectable by and 
measurable with ordinary direct-current instruments, such as 4 mirror- 
galvanometer * of the usual type or any ordinary direct-current ammeter. 
Such instruments as the latter are not affected by alternating electric 
currents either of high or low frequency, which can only be measured 
and detected by instruments called 4 alternating-current * instruments 
of special design. It is, however, of great practical importance to be 
able to detect feeble electric oscillations, such as are employed in 
Hertzian-wave telegraphy by an ordinary movable coil or movable 
needle mirror-galvanometer. This can be done if the alternating 
current can be 4 rectified *—that is, either suppressing all the con¬ 
stituent electric currents in one direction and preserving the others 
or else by changing the direction of one of the sets of currents which 
compose the alternating current so that the whole movement of 
electricity is in one direction. . . . 

“ I have discovered that if two conductors are inclosed in a vessel 
in which a good vacuum is made, one being heated to a high tem¬ 
perature, the space between the hot and cold conductors possesses a 
unilateral electric conductivity, and negative electricity can pass 
from the hot conductor to the cold conductor, but not in the reverse 
direction. As the hot conductor should be heated to a very high 
temperature—say, near to the melting-point of platinum (1,700 deg. C.) 
—it should be of carbon, preferably in the form of a filment such as is 
used in any ordinary incandescent electric lamp. The cold conductor 
may be oi many materials ; but I prefer a bright metal, such as 
platinum or aluminium or else carbon. The two conductors are 
enclosed in a glass bulb similar to that of an incandescent lamp, and 
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I generally heat the carbon filament to a high state of incandescence 
by a continuous electric current, the electrical connection to the filament 
and the cold conductor being made by platinum wires, sealed air-tight 
through the glass.” 

He clearly described the necessity for a high degree of vacuum and 
a highly incandescent filament. (Fleming patent, p. 1, line 96 ; p. 2, 
line 5.) 

In his lecture before the Royal Society, read February 9th, 1905 
( Proc . Roy. Soc., vol. lxxiv., particularly pp. 477, 481-485 ; also see 
Waterman’s Test, p. 1083, et seq .), he described the mode of operation 
of his device, making equally clear what he had set forth in his patent 
specification, and, further, illustrated his views by a sheet of “ charac¬ 
teristic curves.” The “ characteristic curve ” is a curve plotted 
between voltage applied to the detector and the current through the 
detector, resulting from the application of this voltage. It is obtained 
by connecting a circuit containing a battery and a galvanometer or 
ammeter and a resistance whereby the potential of the battery may be 
varied to the hot and cold elements of the detector. Connected across 
the deteetoris a voltmeter to measure the applied local battery voltage. 
1 agree with plaintiff that this sheet disclosed to one skilled in the art 
everything necessary to obtain a complete knowledge of the operation 
of the device. It showed that as the incandescence of the filament 
increases, this detector device becomes more sensitive and logically, 
therefore, the device should be operated at a high degree of incan¬ 
descence, obtainable by whatever were known means therefor. Why 
the deviee thus operates successfully to detect signals is not as yet 
surely understood, but that it does so operate is an unescapeable 
fact. 

Fleming called the operation “ rectification,” and held that, sub¬ 
stantially speaking, the current will flow through the lamp in one 
direction only—be., from the cold cylinder to the hot filament. In 
his 1905 lecture he said : 

“ Perfect rectifying power, however, does not exist. There is not 
an infinite resistance to movement of negative electricity from the 
metal cylinder to the hot filament through the vacuum, although this 
resistance is immensely greater than that which opposes the movement 
of negative electrieity in the opposite direction. . . . 

“ Returning, then, to the vacuum valve, we may note that the 
eurves in Fig. 3 show that the vaeuum spaee possesses a maximum 
conductivity corresponding to a potential difference of about twenty 
volts between the electrodes, for the particular valve used. The 
interpretation of this fact may, perhaps, be as follows : In the incan¬ 
descent carbon there is a continual production of electrons or negative 
ions by atomic dissociation. Corresponding to every temperature there 
is a certain electronic tension or percentage of free electrons. If the 
carbon is made the negative electrode in a high vacuum these negative 
ions are expelled from it, but they cannot be expelled at a greater rate 
than they are produced. Therefore, there is a maximum value for 
the outgoing current and a maximum value for the ratio of current to 
electromotive force—that is, for the conductivity.” 

Note. —Eccles in his Handbook of Wireless Telegraphy and 
Telephony defines “ electron ” as “ The * atom ’ of negative elec¬ 
tricity, the smallest quantity of electricity known to take part in 
electrical phenomena.” 

Whether right or wrong in his theory, the result of Fleming’s inven¬ 
tion was to give the art a new, valuable, and easily obtainable detector, 
which has gone into important commercial use. This Fleming detector 
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is highly sensitive, quickly adjusted by an operator of even inferior 
skill and only momentarily disturbed by static or strong signals. The 
thoroughness and earnestness of this litigation is its most significant 
testimonial. Nothing in the prior art urged by defendants in negation 
of invention calls for extended discussion. The Tesla patent (No. 
645,576) and the Fessenden patents (Nos. 706,742; 706,743, and 
706,744) were far removed from the incandescent lamp and were 
commercially useless ; and, nothing could be learned for this purpose 
from the Valbreuze and Zehnder tubes. 

Rectifiers of low frequency oscillations, such as those of Wehnelt 
and Cooper-Hewitt, taught nothing. These are rectifiers for commer¬ 
cial power frequencies, and it was not common knowledge, as of 
Fleming’s date, that rectifiers of low frequency oscillations would 
rectify radio waves, nor is it a fact that all rectifiers of low frequencies 
are likewise rectifiers of radio high frequencies. Further, it was not 
common knowledge, as of Fleming’s date, that a rectifier of radio 
oscillations would act as a detector. For instance, Pickard first 
attributed the action of crystal detectors to thermo-electric effects, 
but when Pierce published his investigations in 1907 Pickard amended 
many of his patent applications to conform with Pierce’s theory of 
rectification. (See Pierce supra, p. 162 and test of Pickard.) 

In the absence of a well-accepted theory of operation which needed 
mej-ely some physical embodiment, and, in the absence also in the art 
of the physical device itself at a time when men of great skill were 
constantly endeavouring to bring forth an advance in this branch of 
the art, the contribution of Fleming was clearly invention, and is 
entitled to liberal interpretation and consideration—unless impeded 
by de Forest. * 

This brings us to the parent patent of de Forest, No. 979,275, to 
which, on the evidence, the effective date of November 4th, 1904, 
must be accorded. Plaintiff is well justified in calling this and the 
divisional applications the Bunsen burner patents. Nowhere is there 
a suggestion of an incandescent electrode. On the contrary, in the 
specification and the drawings it is entirely apparent that de Forest 
pointed out only what the laymen understands as heating gas. This 
de Forest stated in language which sounds impressive. He said : 

“ I have discovered that if two bodies adapted for use as electrodes 
or conductive members be electrically separated, partially or wholly, 
after the manner common in analogous devices, the separation between 
them may be neutralised sufficiently to enable them to act as a detector 
of electrical oscillations, if the intervening or surrounding gaseous 
medium be put into a condition of molecular activity, such, for instance, 
as would be caused by heating it in any manner, as by radiation, 
conduction, or by the combustion of gases in the space which surrounds 
the poles. Such condition or molecular activity causes what would 
otherwise be a non-sensitive device to become sensitive to the reception 
of electrical influences. I am thus enabled to employ as such sensitive 
member devices which would otherwise be of no value, or to make 
those devices now used more sensitive to the electrical waves. This 
principle is embodied in the apparatus illustrated in the various 
figures shown.” 

Translated into plain English, this meant, “ I will try to make lhe 
gas conductive between two electrodes by heating it to the dissociating 
point.” 

It was attempted to read incandescence into the specification, or 
rather to infer much that later knowledge has taught, but incandescence 
had long been a word of art, and Fleming had no trouble in using it 
either in his specification or his Royal Society paper. Why not de 
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Forest ? Merely because the incandescent lamp detector was the 
farthest from his thoughts. 

True, gas is a generic term of wide meaning, as is clear from the very 
beginning of J. J. Thomson’s notable Conduction of Electricity 
through Gases ; but when the language of a patent is to be inter¬ 
preted the document must be construed as a whole just like any ordinary 
contract, and words cannot be isolated from their context to give 
them a more comprehensive meaning than was originally intended. 
What defendants have attempted is to establish that de Forest described 
in these patents ionisation by impact as distinguished from dissociation 
by flame and thus forestalled Fleming, on the hypothesis that de Forest 
was the first to realise the value and effect of electrode emission. No 
better confirmation of the negligible character—in this connection— 
and, perhaps, obscurity of the disclosure can be found than the testi¬ 
mony of Pickard, in answer to the Court’s questions (Q. 925 et seq.). 

An elaborate discussion, at this junction, of electronic action might 
be interesting, for the subject is really fascinating, but it is unnecessary 
for the simple reason that the patent discloses merely the heating of 
the gas without any direction from which the most learned scientist 
of that day could have gleaned any further information. 

In the divisional patent 867,876 the expression is used “ this gas 
may be air or the electrodes may be enclosed,” but how this device 
works is still to be explained, for the experiment at High Bridge with 
the Nernst lamp was not in accordance with the disclosure of the 
patents. 

This burner detector of de Forest has never been commercially used 
and thus has not made any impression on the art. A mere inspection 
of the device in operation will show that this flickering flame is imprac¬ 
tical. The most that can be said is that it may contain the germ of 
an idea which, in this rapidly progressing art, may hereafter be utilised 
in some way. While, therefore, it is not necessary to declare this 
patent and its three subsidiaries invalid they may be eliminated from 
this case for all practical purposes. 

Before considering the patent No. 824,637 and its division No. 
846,070, filed originally January 18th, 1906, it must be remembered 
that de Forest in December, 1905, knew of Fleming’s Royal Society 
paper of March, 1905, as appears from a reference to that effect in his 
application for a certain patent not here in issue (No. 823,402) where 
he used the expressions exhausted “ vessel ” and “ heated to incan¬ 
descence.” Further, on December 21st, 1905, he instructed his 
solicitor to “ look out for Fleming’s recent patent.” 

The point is that what in effect defendants urge inter alia , is that 
de Forest’s idea of employing a local battery which has come to bo 
known as Battery B, in any event, imparts invention to his patents 
and its use by plaintiff amounts to infringement, or, if that contention 
be not sustained, then finally defendants do not infringe. 

With his knowledge of Fleming’s theory, it should have been very 
easy to describe the incandescent lamp detector, plus Battery B, but, 
in 824,637 de Forest now had in mind a receptacle inclosing a gaseous 
conducting medium. He said : 

“ With these objects in view my invention comprises a receptacle 
enclosing a sensitive gaseous conducting medium, the conductivity 
of which does not necessarily depend upon the heat of combustion, 
although such conductivity may be increased by heat in said gaseous 
medium, and which in some cases requires practically no heating at 
all, a wave-intercepting means associated with said gaseous conducting 
medium, whereby the feeble electrical currents or oscillations resulting 
from the energy absorbed from electro-magnetic signal waves may be 
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impressed upon said gaseous conducting medium to alter its conduc¬ 
tivity, and a signal-indicating device operatively connected with said 
gaseous conducting medium, whereby alterations in the conductivity 
of the latter may be made manifest.” 

The only possible reference to a vacuum is at p. 1, line 101-105, as 
follows : 

“ In all embodiments of the present invention the electrodes are 
enclosed and are surrounded by a suitable, gas , and they may be enclosed 
in a receptacle which may be partially exhausted.” 

The only reference to incandescence is in one compound word at 
p. 2, line 4, as follows : 

“ In Fig. 1 two filaments C, which may be ordinary incandescent- 
lamp carbon filaments are sealed into the receptacle B . . .” (Note). 

Note. —Italics mine. 

These “ mays ” at best are meagre disclosures, but that these patents 
dealt only with the heated gas idea is clear from de Forest’s corre¬ 
spondence with his solicitor in December, 1905, and January, 1906, 
from his ordering incandescent lamps from one McCandless in the 
same December and January, with his thereafter change of phraseology 
and tone (see No. 841,386, and his January 20th letter to his solicitor, 
“ keep it dark, but the new receiver is the best yet ”), but most con¬ 
vincingly from the patent itself. 

According to Pickard’s theory of ionisation by impact, there must be 
a source of electrons, but in this patent no electron producing nor 
impelling means are shown. On the contrary. Figs. 4,5, and 6, show two 
cold electrodes, and referring to Fig. 4, de Forest specifically dispenses 
with both heated electrodes (p. 2, line 72), an inconsistency with defen¬ 
dants’ theory, which cannot be reconciled. (XQ. 1,147, et seq .). 

These patents (Nos. 824,637 and 836,070) were never of any com¬ 
mercial utility, and at best can be sustained only within the limits 
of their precise disclosures. 

The so-called selective per se patent No. 841,386, is so utterly useless 
that it might well be declared invalid, but it will suffice in this suit to 
construe it as limited to a structure selective per se, and irrespective 
of any circuit connections. 

It follows, of course, that plaintiff does not infringe any of defendants’ 
patents and that the counterclaim will be dismissed. 

We now come to what I think is the only substantial question in 
the case—the infringement claimed against defendants. 

The Fleming patent was originally framed in rather broad language 
so that it might have been construed as applying to other than radio 
uses in addition to its use in the radio art. By disclaimer filed in the 
Patent Office, November 17th, 1915, plaintiff disclaimed the combina¬ 
tion of Claims 1 to 6 inclusive, and Claims 10 to 15 inclusive, except as 
the same are used in the radio art, and to certain correlated words in 
the specification. 

The claims selected to sue upon were Nos. 1 and 37 because typical. 
They read : 

“ 1. The combination of a vacuous vessel, two conductors adjacent 
to but not touching each other in the vessel, means for heating one of 
the conductors, and a circuit outside the vessel connecting the two 
conductors.” 

“ 37. At a receiving station in a system of wireless telegraphy 
employing electrical oscillations of high frequency a detector comprising 
a vacuous vessel, two conductors adjacent to but not touching each 
other in the vessel, means for heating one of the conductors, a circuit 
outside of the vessel connecting the two conductors, means for detecting 
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a continuous current in the circuit and means for impressing upon the 
circuit the received oscillations.” (Note.) 

Note. —In construing Claim 37 it must be remembered that 
“ continuous current ” is used in its English sense of 1905 of a 
direct current, whether intermittent, varied, or not. (See also 
p. 2, line 109, of Fleming patent.) By a recent convention 
continuous current now means a direct current of unvarying 
value. 

Claim l,as limited by the disclaimer, is a broad claim for the incan¬ 
descent lamp as a radio detector. Claim 37, in respect of which 
disclaimer was unnecessary, covers the detail applicable to a radio 
system—*.e., a local circuit containing means for detecting a con¬ 
tinuous (direct) current such as a telephone or galvanometer and means 
of impressing high-frequency oscillations on the detector, such as the 
secondary of the oscillation transformer. 

Fleming’s theory, as has already been stated, was that of rectification, 
while defendants account for the action of their “ Audion ” on the 
theory that it is a telephone relay or, in other words, that its products 
are alternating currents of “ Audio ” frequency and of the local energy 
and not of the “ input ” energy. 

As a result of these differences the effect and relation of the local 
battery was one of the sharply contested points in controversy. 

It was satisfactorily proved that for some reason not yet under¬ 
stood, incandescent lamps possess idiosyncrasies of operation, as 
demonstrated by a batch of a dozen lamps of identical dimensions 
made of identical stock, pumped at the same time for a vacuum and 
sealed at the same time. (Farrand’s test. ; Waterman 1,244 and 
1,820 et seq.) 

Of these, some worked best at the negative end—i.c., without a 
battery, some with a small amount of battery, some with a battery 
equal to the battery for lighting the filament and some with a battery 
in addition to that used for lighting the filament. 

While, with care and time, lamps could be selected which would work 
best without a local battery, such a course would obviously be foolish 
commercially and unnecessary, when a simple and well-known means 
could be employed to utilise all the lamps, whatever their idiosyncrasies. 
This means was a local battery, and a potentiometer, whereby a varying 
local potential may be applied to the lamps. The potentiometer is a 
resistance connected across the lighting battery of the detector so that 
any fraction of the lighting battery may be tapped off and applied to the 
local circuit. The local battery is used to bring the lamp detector to 
the sensitive point of its characteristic curve and the potentiometer 
is the simple and effective device which, varying the local battery, 
accomplishes this task. 

Nearly all prior art detectors were used in this way—the coherer 
of Marconi and Lodge, the microphone of Hughes and Branley, the 
electrolytic of Fessenden, Vreeland, and others, and the crystal of Bose. 
(Plaintiff’s Exhibits 77 and 82.) 

The use of the local battery to locate the sensitive point on the 
characteristic curve was well known and accepted as of Fleming’s time 
and, as appears by his 1905 lecture, was fully understood by him. (See 
also particularly, Vreeland patent No. 780,842, Plaintiff’s Exhibit 82.) 

Plaintiff is undoubtedly entitled to use the Fleming detector with a 
well-known instrumentality, and, therefore, to employ the variable 
local battery ; for practically all the prior art detectors required local 
batteries to locate the operating points. Plaintiff is likewise entitled 
to use the Fleming device in the ordinary detector circuits of the 
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prior art. The circuits of Marconi patent No. 627,650 are the specific 
circuits which plaintiff has used and the modem operative Fleming 
device has simply been substituted for the coherer in old and familiar 
circuits. (Q. 145, 146 et seq.) 

Defendant’s alleged infringing device is the so-called P. N. Type 
Audion de Forest Detector. Plaintiff’s Exhibits 11 and 12 are drawings 
reducing to the simplest form the P. N. circuits and comparing Fleming 
with de Forest. 

Waterman’s description (in part) states in simple language plaintiff’s 
view of this P.N. device as follows : 

“ The defendants’ apparatus is an incandescent lamp detector of 
high-frequency oscillations for wireless telegraph purposes and consists 
of an incandescent lamp with the usual high vacuum, a filament, and 
a cold element, which in the particular construction here shown is 
divided into two portions,^one a plate and the other a wire gridlike 
structure placed between the plate and the filament, both having leads 
brought out through the glass for exterior connection. . . 

In the diagram of the Fleming patent there is missing the grid found 
in the de Forest structure. 

“ In other words, the two functions which are essential in the incan¬ 
descent lamp detector—namely, impressing on the space the received 
oscillation and the detecting of what happens as a result, are performed 
by a single circuit in which are located the oscillation transformer and 
the indicator. In this de Forest circuit, as the devices are arranged 
. . . two circuits are used, and the cold element is correspondingly 
divided up. These are two well-known, standard, equivalent circuits. 
You may use either device in either circuit.” 

Of all the explanations of the action of the de Forest, that of Arm¬ 
strong in the Electrical World (December 12th, 1914, Plaintiff’s Exhibit 
45), seems most convincing, and that article, for purposes of brevity, 
may be regarded as being read into this opinion. (See also Dr. Austin’s 
Bulletin of the Bureau of Standards of the Department of Commerce and 
Labour.) 

In reading this literature, it must be remembered that both sides 
agree that the de Forest two-element and three-element bulbs operate 
on the same principle. 

As Armstrong was on the stand and subject to cross-examination, 
his article is to be treated not merely as a scientist’s essay but as 
equivalent to testimony. Its details cannot be satisfactorily abstracted) 
but the result is that the weight of the evidence points to the conclusion 
that defendants’ device is one of unilateral conductivity or, in other 
words, a rectifier permitting current to flow in one direction only— 
viz., from plate to filament and from grid to filament. 

The two circuits used are, as Waterman said at the beginning of the 
case, a division of Fleming’s single circuit, the grid-filament division 
being the branch for impressing the oscillations on the detector and 
the pi ate-filament division being the branch for indicating the signal ; 
and it is established with reasonable certainty that defendants’ device, 
in order to operate, must have a heated electrode connected to the 
negative terminal of the local battery. (See also Fleming’s Technics 
article, Plaintiff’s Exhibit 22, and Waterman’s experiment at High 
Bridge, test. 1,566 et seq., and 1,481 et seq. See also transcript of oral 
argument of Mr. Hoguet at pp. 30-34, expressing briefly the views which 
I accept as to the action of defendants’ device and the controverted 
points as to the galvanometer and telephone.) 

In Exhibit 123 plaintiff has compiled some twenty articles to show 
the identity of the Fleming and de Forest detectors. Of course (except 
Armstrong’s article, because he testified), these articles do not prove 
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plaintiff’s proposition, but they do show the point of view and the 
opinion entertained by many scientific authors. 

Against all these we find Pickard standing alone, except in so far as 
the interesting theoretical exposition of Dr. Davis supports him. 

Pickard has developed the theory that the local battery changes the 
mode of operation of the incandescent lamp from rectifier to relay, but, 
while many experiments were made and much testimony was given, 
this theory is still in the realm of speculation, and certainly has not 
been satisfactorily demonstrated. Indeed, it was necessarily stated 
by Waterman and admitted by Pickard, that the ultimate mechanism 
of the subject matter is not known, and that physicists are compelled 
to change their theories from time to time in the light of later investi¬ 
gations. 

In order to reconcile the explanation of the action of the de Forest 
grid detector with the language of de Forest’s earlier patents so as to 
workout the idea that de Forest’s two- and three-electrode detectors were 
simply the logical development of original thought, Pickard advanced 
the theory that the action of the de Forest grid was by ionisation by 
impact, and, therefore, that it was necessary to have a local battery to 
impel electrons at a high speed on their journey of succeeding collisions. 

But this theory is shattered or at least impaired by the tests which 
showed that when ionisation by impact occurred the detector showed a 
blue glow and stopped operation. If anything was shown in this 
regard it was rather, as plaintiff contends, that the device operates in 
spite of and not because of ionisation by impact. 

Within the limits of an opinion it is, of course, impossible to analyse 
at length a mass of experiments, tests, and theses, and an infinity of 
detail necessarily involved in the testimony of experts in an art of this 
kind ; but, if plaintiff’s theory that its own device and that of defen¬ 
dants* operate on the same principle has not been proved (and I think 
it has as far as such proof is yet possible), at least defendants’ theory 
has not been satisfactorily demonstrated, and, finally, the physical 
facts all support plaintiff’s claims. 

Here, as is so often the case in law suits, resort is had to the story 
of events and the outcroppings of human nature. 

De Forest had long been proceeding on a theory different from that 
of Fleming. Having read Fleming’s article, he began to experiment 
with the incandescent lamp. He probably doubted its efficacy at 
first, but within a very short space of time—perhaps a week, perhaps 
a month—he changed his mind and, discovering that Fleming was 
right, wrote his solicitor, after he had filed his application for No. 
824,637, that the “ new receiver is the best yet.” Thereafter, he used 
the language of the incandescent lamp, and in an address on October 
20th, 1906, before the American Institute of Electrical Engineers 
really described fundamentally the Fleming lamp detector although 
using phraseology which has since become Audion vocabulary. Thus, 
the physical ocular fact is that in the alleged infringing P.N. device, 
the Fleming detector and not the Bunsen burner is used, and the 
broad Claim No. 1 of the Fleming patent is infringed, precisely the 
same as if a patented crystal had been placed in some old or new type 
of circuit with a local battery—such, for instance, as the Weagent 
and Armstrong circuits. 

In respect of. Claim 37, defendants’ device does not escape because 
the circuit outside the vessel is divided into two branches nor because 
Fleming’s detector of a " continuous current ” was a galvanometer, 
and de Forest’s is a telephone long well-known in the art. 

De Forest in his three-electrode audion has undoubtedly made a 
contribution of great value to the art, and, by the confession of judgment 
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in respect thereof, defendant company may enjoy the just results of 
this contribution ; but, on the other hand, Fleming’s invention was 
likewise a contribution of value, and is to be treated liberally and not 
defeated either by unconfirmed theory or by association in apparatus 
where later developments have taught how other useful adjuncts can 
be employed. 

Claims 1 and 37 of plaintiff’s patent are valid and infringed by 
defendant company ; defendants’ counterclaim will be dismissed, and, 
as there is no evidence against dc Forest individually, the bill as to 
him will be dismissed. 

(Signed) Julius M. Mayer, 

District Judge. 

1. Addendum as to costs. The decree may be submitted to me 
per the clerk’s office) prior to my return on October 2nd. Notice of 

settlement should be three days. Costs will be awarded to plaintiff 
as follows : (1) Costs on plaintiff’s bill and taxable disbursements 
incurred by plaintiff in defending so much of the counterclaim as was 
tried out. To defendant company, taxable disbursements, if any, 
in connection with the two confessed judgment patents. To de Forest 
individually, costs against plaintiff. 

2. Addendum as to laches. Mention of this subject was made by 
counsel for defendants at the concluding argument and in the brief. 
No evidence has been adduced indicating an estoppel and mere lapse of 
time is not enough. 

3. Appeal. If an appeal from interlocutory decree is to be taken 
the injunction will be suspended provided defendant company (a) 
gives a bond in a reasonable amount; ( b) makes monthly reports as 
to sales, and (c) is expeditious in appealing. 

(Signed) Julius M. Mayer, 

District Judge. 

September 20th, 1916. 
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UNITED STATES CIRCUIT COURT OF APPEALS 

For the Second Circuit. 


Marconi Wireless Telegraph Company of 
America, 

Plaintiff-Appellee, 

. vs. 

De Forest Radio Telephone and Telegraph 
Company, 

Defendant-Appellant. 


.Equity No. 12-31. 


Before : 

Hon. Alfred C. Coxe, 

Hon. Henry Wade Rogers, 

Hon. Charles Merrill Hough, 

Circuit Judges. 

OPINION. 

Appeal from final decree in equity entered in the District Court for 
the Southern District of New York. 

The plaintiff (hereinafter called “ Marconi ”) brought this action 
against defendant (hereinafter called “ De Forest ”) alleging infringe¬ 
ment of Claims 1 and 37 of Patent dated November 7th, 1905, issued 
on application of John Ambrose Fleming, filed April 19th, 1905 (No. 
803,684). The claims in suit are as follows : 

“ 1. The combination of a vacuous vessel, two conductors adjacent 
to but not touching each other in the vessel, means for heating one 
of the conductors, and a circuit outside the vessel connecting the two 
conductors.” 

“ 37. At a receiving-station in a system of wireless telegraphy 
employing electrical oscillations of high frequency a detector com¬ 
prising a vacuous vessel, two conductors adjacent to but not touching 
each other in the vessel, means for heating one of the conductors, a 
circuit outside of the vessel connecting the two conductors, means for 
detecting a continuous current in the circuit, and means for impressing 
upon the circuit the received oscillations.” 

After action begun, plaintiff entered a disclaimer 

“ to the combinations of elements set forth in Claim 1 . . . 
except as the same are used in connection with high frequency 
alternating electric currents or electric oscillations of the order 
employed in Hertzian wave transmission,” 

and also to certain words of the specification referring to low-frequency 
currents. 

Action was brought not only against the present appellant, but Dr. 
Lee de Forest individually. The bill as to him was dismissed, and 
no appeal taken thereto. 


268 



Radiotelegraphy and Telephony 


Defendant answered and set up a counterclaim (practically a separate 
action), alleging that Marconi had infringed and was infringing certain 
claims (not necessary to specify) of the following patents belonging 
to defendants—viz.. Nos. 867,876, 867,877, 867,878, and 978,275 ; 
which four issues resulted from division of a single application filed 
February 2nd, 1905. 

The counterclaim alleged, further, infringements of Patents Nos. 
824,637 and 836,070. Of these, 836,070 is a division of an application 
thought to cover both inventions, and filed January 18th, 1906. 
Defendant also counterclaimed upon Patent 841,386, application filed 
August 27th, 1906. Thus the counterclaim was tried on the foregoing 
seven patents, of which the first four antedate Fleming. 

The counterclaim, however, also set up two other Patents, Nos. 
841,387 and 879,532, both of date not only later than Fleming, but 
later than any of the other and above enumerated patents. As to 
these plaintiff permitted defendant to take a decree at or shortly before 
trial. 

The lower court (Mayer, J.) held that de Forest had infringed both 
claims in suit of the Fleming patent, and that Marconi had not infringed 
any of the claims of the patents set up in the counterclaim and not 
confessed. All of defendant’s patents had been issued on applications 
of Dr. Lee de Forest, and will hereinafter be referred to collectively 
as the de Forest patents. 

From a decree granting injunction on the Fleming patent, and dis¬ 
missing the counterclaim, de Forest took this appeal. 

Frederick P. Fish (Messrs. Phillip Farnsworth, Harrison S. 

Lyman, and George F. Scull with him on the brief), 

For Appellant, 


J. 


Edgar Bull (Messrs L. F. H. Betts and Ramsay Hoguet with 
him on the brief). 

For Appellee. 


Hough, J. : 

The subject matter of this action is a “ detector.” That word will 
be used in this decision as signifying any device or piece of apparatus 
which, when energised, actuated, or acted upon by or by means of the 
co-called Hertzian waves, enables man through the senses of hearing 
or sight, to understand signals based upon the intentionally regulated 
emission or propagation of the waves aforesaid. 

The patent of the bill is said to cover and protect a detector, herein¬ 
after called'the “ Fleming valve.” Defendant uses a detector which 
he calls the “ audion.” Plaintiff asserts that while the audion may be 
for some practical purposes an improvement on the Fleming valve, it 
is nevertheless an infringement, and it has given evidence of faith 
in its own theory, by admitting infringement of the two patents (herein¬ 
above specified) which essentially describe one form of audion—known 
herein as the “ three-electrode ” apparatus. 

Defendant, not content with this admission, insists : (a) that the 
Fleming valve was not patentable considering the state of the art at 
date of application ; (6) that the valve and the audion utilise and 
depend for efficacy upon wholly different operations of nature, and 
(under its counterclaim) (c) that the de Forest patents still in suit 
cover devices in principle identical from the earliest to the latest, 
which patents Marconi has infringed by using a device named by 
defendant the “ two-electrode ” audion. 

It is said that Dr. de Forest disclosed by his earlier patents, and 
before Fleming filed his application, a theory which, reduced to practice, 
resulted in the perfected audion of the confessed patents, wherefore 
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the device of every one of the de Forest patents is (by defendant’s 
witnesses) called an audion, although that word was not coined until 
shortly before applications for the confessed patents were filed. To 
paraphrase an argument, it is said that Marconi cannot logically confess 
judgment under two patents and yet deny infringement of the earlier 
de Forest inventions, because they all constitute a connected, logical, 
coherent development of a single inventive thought or application of a 
scientific theory. 

These contentions have opened the door (without objection, or very 
little) to a mass of opinion evidence which, in our judgment, is of no 
iegal value. Much of this record arises out of the mystery still 
notoriously enveloping the wave movements of the imponderable 
ether —that is, out of the nature of phenomena by which none of our 
five senses is directly affected. It consists of opinions or theories 
concerning such phenomena, opinions necessarily subject to revision, 
perhaps in a few months. The principal producer of such evidence 
(if it can be so called), Mr. Pickard for the defendants, admitted 
repeatedly that the views he advanced on the witness stand he had 
not entertained a little time earlier ; though he had apparently given 
his abandoned theories more publicity than normally attaches to 
testimony in a patent cause. He would probably be the last to deny 
that his present opinions are final, even for himself. To call such 
theorising evidence is a misuse of the word ; for the patent law can deal 
little in such matters ; neither a process of nature nor the discovery 
thereof is patentable ; man-made statutes permit to be protected and 
monopolised onlysome perceptible means or certain method of harness¬ 
ing or utilising forces, however mysterious, uncertain, or perhaps 
incomprehensible. The only question in this case is whether some 
known operations of nature were, by proved, tangible, and visible 
implements, harnessed and made useful ; if so, he who first did it 
may be protected in what he did in accordance with statute laws. 

Why a given device works, or the theory of its functioning is a 
fascinating inquiry ; but unless that “ why ” can be proved within the 
very modest limits of legal evidence, opinion evidence becomes the 
rampant speculation of this transcript. It is usually impossible for 
trial courts to limit opinion evidence (for fear of losing something of 
value), but efforts in that direction are much needed in the interest 
of celerity and clarity. Counsel introducing experts who use the 
witness chair as a rostrum confer no benefit on their clients. 

The Fleming valve as a detector confessedly, and the actual com¬ 
mercial “ audion ” (as we are convinced), consist essentially in the 
utilisation by visible and tangible means of what has long been known 
as the “ Edison effect,” which means the fact that when there is intro¬ 
duced into the ordinary incandescent electric lamp bulb an electrode 
other than the incandescent filament (such unheated electrode being 
connected with the positive terminal of the lamp) a current flows from 
the incandescent electrode to the cold one, in such wise that variation 
in the electro-motive force producing incandescence will be reflected 
or reproduced in the circuit connected w r ith the cold electrode, such 
variations being capable of measurement by a galvanometer. (Edison, 
Patent No. 307,031.) 

Utilisation of the Edison effect does not mean that the use of Edison’s 
apparatus or any modification thereof as a detector was easy or simple. 
The admitted fact that years passed, and detectors of various kinds 
from the coherer to the crystal acquired vogue, before anyone thought 
of using Edison’s curiosity of electricity for the discovery or translation 
of Hertzian waves is proof enough on this point. Fleming was the 
first to disclose an apparatus for this purpose. His specification declare* 
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that he “ rectifies ” the alternating current transmitted from the 
antenna. Defendant’s witnesses declare that rectification means 
converting “ the received alternating currents into direct currents,” 
and they spend much time in attacking Fleming’s theory of the opera¬ 
tion of his own device. But the law is not concerned with why the 
process called rectification takes place, or how it is accomplished, 
further than to observe that variations in group frequencies of an 
alternating current passing through an incandescent lamp filament 
produce in a manner analogous to the observed Edison effect a direct 
pulsating or intermittent current in the cold electrode circuit, and that 
these pulsations or intermittances mark the kind of current whose 
varying energies can be read with a galvanometer or a telephone. 
Whether Mr. Fleming’s theories of rectification were right or not has 
nothing to do with the question of invention or validity. The patentee 
may not understand his own mechanism, but if he shows and describes 
it and it produces a new result, the law is satisfied. (Van Epps v. United, 
etc., Co., 143 F.R., at 872.) Therefore, the first question (as stated 
by appellee) is substantially this : Was it invention to use, “as a 
detector of wireless waves, an Edison hot and cold electrode lamp ? ” 
This is a question of fact, and we arrive at the conclusion of the lower 
court, that at the date of Fleming’s application it was not known to 
men skilled in the radio art that a rectifier would act as a detector 
or that anything that would rectify oscillations of low frequency 
could rectify waves of the order used in radio communication. Edison’s 
patent stated a fact and suggested a tantalising mystery, because even 
he did not pretend to state, or assert that he knew, why his “ effect ” 
took place. His disclosure remained (so far as we can discover from 
this record) a laboratory problem until Fleming applied it (whether 
with a wrong theory or a right one is immaterial) to a new and very 
practical field of usefulness. 

While “ invention ” is a word the definition of which the courts do 
not attempt (MacClain v. Ortmayer, 141 U.S., at 427), many of the 
elements contributing to its signification may be and have been des¬ 
cribed : there must be more than a theory or mental concept—viz., 
a tangible reduction to practice (Corrington v. Westinghouse, etc., 
Co., 178 F.R., at 715), and the transformation of a laboratory experi¬ 
ment into a successful and useful mechanical device is evidence of 
such tangible reduction to practice and of invention (Westinghouse, 
etc., Co., v. New England, etc., Co., 110 F.R., 753). 

In this case, while it is true that Fleming’s detector uses the Edison 
effect every time it detects, the step from a toy to a use suggests what 
was said in Hobbs v. Beach, 180 U.S., at 392—viz., that while there 
was an analogy there was not similarity between the functions of the 
patented device and of the alleged anticipating apparatus. The 
point is not capable of much argument; the appeal is to a kind of 
conscience, and the court or jury intuitively and conscientiously feel 
either that invention is absent, or that something akin to genius is 
displayed in the visible, tangible result of the mental concept. We 
have no doubt that Fleming’s patent displays invention, and of a very 
meritorious device. 

Assuming now the validity of the patent, it is upon the question of 
infringement that this record has been filled with theories, until it is 
necessary to call firmly to mind that what is complained of as an 
infringement is not a theory or a function, but a thing compact of glass 
and metal, made and sold by defendant as the “ three-electrode audion ” 
or “ P.N. detector.” 

Defendant insists that even if Fleming’s patent is valid, even if the 
audion may exhibit at times the Edison effect, yet since knowledge of 
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that phenomenon antedated Fleming, they and all the world can avail 
themselves of Edison’s knowledge even in detectors, if their detectors 
function in a different way or produce substantially different results 
from those of Fleming (Machine Co. v. Murphy, 97 U.S., 120). Accord¬ 
ingly it is asserted that the audion is not merely an incandescent light 
bulb with two cold electrodes (instead of one) inside it—but an apparatus 
in which the bulb contains “ a substantial amount of gaseous medium ” 
essential to operation of the device ; and further that a certain arrange¬ 
ment of circuits, the use of condensers and the introduction of a battery 
into the cold electrode circuit, are all elements which in combination 
constitute the audion, produce the “ audion effect,” and render the 
completed whole a different thing from anything Fleming thought of. 

The “ audion effect ” is more specifically this. The battery circuit 
produces a constant current through the telephone ; the input or 
arriving oscillations, passing through a condenser, and thence from 
incandescent filament (and grid) to the battery circuit, would not of 
themselves be normally strong enough to excite the telephone, but 
they can and do produce changes in the battery current sufficient for 
that purpose ; they, so to speak, pull a trigger, and this trigger action 
is the audion effect; wherefore the audion is not a rectifier, but an 
“ amplifier.” 

It seems clear to us that some of the foregoing is disingenuous, and 
more immaterial. The “ gaseous medium ” of the audion is nothing 
but the commercial vacuum of the ordinary electric light bulb—air 
being a gas, and the bulb containing some residual air. In other 
words, defendant uses the same “ vacuous vessel ” that Fleming 
does. 

As for the “ trigger action,” “ audion effect,” and such-like clever 
phrases, they merely hide the real inquiry—viz., how do the high- 
frequency oscillations, or any jiart of them, or their electrical result 
or influence, get into the indicator or battery circuit, no matter what 
they do after arrival ? 

Plainly, it is done just as in the Fleming valve ; this is the one act, 
or step, which is essential to either a valve or an audion being a detector, 
and Fleming’s invention consisted in producing a detector, which 
Edison did not do ; a detector must act on alternating currents. This 
it is that makes defendant an infringer by the manufacture and sale 
of what may be, and probably is, an improved detector. 

The contention that Fleming’s patent, whatever its original merit 
or lack thereof, was voided by an unlawful disclaimer, is without 
substance. The mistake (if there was one) was in claiming something 
not needed, and the disclaimer abandoned what was not wanted, 
without broadening or enlarging any claim ; it also left the claims 
fully supported by the original specification. No injury to defendant 
or anyone else is shown. The procedure is within Carnegie Steel Co. v. 
Cambria Iron Co., 185 U.S., 403, and our former decisions in Simplex, 
etc., Co., v. Pressed Steel Co., 189 F.R., 70, and Strause, etc., Co. v. 
Crane Co., 235 F.R., at 129. 

The position of defendant in respect of the counterclaim patents 
has been given, but as put by counsel, it is as follows : 

“ De Forest was the first inventor of a detector comprising a local 
circuit, containing a battery and a telephone, this circuit having 
terminal electrodes in a gaseous medium such as air, made conductive 
by electrode heating by electric means.” 

This is not the whole thesis, but it is enough for present purposes. 

The position thus defined amounts to asserting that if defendant 
can show that the inventor had one thought running through his mind, 
and produced a series of patents for what from time to time appeared 
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to him the best current embodiments of that thought, that, therefore, 
anyone who constructs another apparatus utilising the same theory 
of action must be an infringer of the whole line of patents. 

While not accepting such view of the law, we shall first ascertain 
what visible objects plaintiff has made, sold, or used which are said 
to infringe the counterclaim patents. The detectors called by defendant 
“ Marconi’s earlier infringement ” or the “ two-electrode audion ” are 
especially complained of, though since it is agreed that the “ two- ** 
and “ three-electrode audions ” operate on the same basic principle, 
no reason appears why defendant must not contend that the same 
things which admittedly infringe the confessed patents also infringe 
all the counterclaim patents. 

But even on defendant’s summary of these de Forest patents, there 
can be no infringements if as matter of fact the patenteee ( 1 ) was not 
the first to disclose a detector with the enumerated characteristics, or 

( 2 ) never disclosed or patented as an element of his device “ terminal 
electrodes in a gaseous medium such as air,” or (3) if the devices of 
the counterclaim patents still in suit are for any reason different in 
kind from those covered by the confessed patents, or (4) if the patents 
in suit on the counterclaim are inoperative or invalid. 

(1) De Forest was certainly net the first to disclose or invent a 
detector comprising a local circuit containing a battery and a telephone, 
and we find it true that the so-called “ two-electrode audion ” is no 
more than a Fleming valve with and in a circuit with adjuncts ante¬ 
dating both De Forest and Fleming. 

(2) The expression “ gaseous medium such as air ” is an endeavour 
to conceal what we regard as the plain disclosure of all the counter¬ 
claim patents based on original applications dated February 2nd, 1905, 
and January 18th, 1906—viz., that the patentee’s fundamental concept 
was to produce conductivity by heating. He thought and taught 
that heated air, or the heated gases of, e.g., halogen salts, when the 
point of dissociation into positive and negative ions was reached, 
produced a medium favourable to conduct!rity. 

Neither of plaintiff’s devices operates on any such principle ; whether 
there is any merit in de Forest’s disclosure is immaterial. 

(3) We agree with the court below that the radical difference between 
the disclosures of the first six counterclaim patents and anything shown 
to have been used by Marconi is apparent on inspection 5 because 
none of de Forest’s devices utilise a commercial vacuum, or what 
defendant’s expert called a vacuum of the order of an ordinary electric 
light. 

(4) The seventh counterclaim patent (841,386) is proved to be 
inoperative. The patentee declares that by “ suitably varying the 
length of interelectrode medium ” he can make the audion “ per se 
selectively responsive.” Assuming this last phrase to mean “ make it 
work ” defendant at the trial did not do it, and we think refused to 
try. 

It follows from the foregoing that we hold Patent No. 841,386 void 
and all the other patents of the counterclaim (still in suit) not 
infringed. 

It is not often that any case contains so much history as does this 
one. It is true that Dr. de Forest, through the whole line of the 
counterclaim patents, sought after a commercially useful detector, 
and ultimately produced one ; but it is not true that he consistently 
followed one concept or theory and tried to reduce that to practice. 
He began with the heated gas theory ; he ended with the three-elec¬ 
trode audion, employing the commercial vacuum, and before he pro¬ 
duced that success he learned of Fleming’s invention and the latter’s 
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address before the Royal Society. He promptly used the knowledge 
so acquired, and it is the endeavour to connect these differing lines of 
effort and conceal their lack of normal connection that has produced 
the theorising of this record, and also the persistent use of the word 
“ audion ” as applied even to the earliest de Forest patents, which are 
of dates before that word was coined. 

Among the curiosities of evidence in this record are numerous 
extracts from technical periodicals giving the opinions of the authors 
on the subject matter of this suit. One from The Electrician of Novem¬ 
ber 21st, 1913, is a just comment on the cause : 

“ We think that Dr. de Forest might be more generous in his 
acknowledgment of the work of Dr. J. A. Fleming. Our readers 
generally will probably agree that the audion, although differing 
widely from the Fleming valve, is an offshoot of it. 0 

The decree below is affirmed with costs. 


CHANCERY DIVISION, ROYAL COURTS OF JUSTICE, 
GREAT BRITAIN. 

Extract from the Judgment of Mr. Justice Sargant, December 
16th, 1918, In the Matter of Fleming’s Patent, No. 24,850 of 
1904. 

(Petition for Prolongation.) 

“ I think that the invention was one of very considerable utility, 
both in itself and its consequences. It was a pioneer invention in 
this sense, that it disclosed a cheap, simple and handy device applicable 
for detecting wireless waves at any receiving station, and, of course, 
reading their message in such code as the Morse Code. 

“ That it was capable of having improvements made on it is no 
real objection, and indeed is rather an advantage from this point of view. 
I regard the subsequent introduction of a potentiometer into the 
detecting circuit as being in the nature of a mere improvement on the 
original Fleming Valve, though no doubt an important improvement, 
and though I should hesitate to describe the three-electrode valve or 
de Forest valve as being a mere improvement in view of the great 
independent invention displayed in that device, I do not think that 
that valve would ever have come into being but for the previous 
invention of the 1904 Fleming valve ; though it is, of course, obvious 
and is admitted by the Petitioners, that where the de Forest valve 
acts as an amplifier it is outside any claim on the Fleming patent of 
1904. It seems to me that the Fleming invention of 1904 is a pioneer 
invention in the sense of being a representative of an entirely new 
class of instrument in connection with the detection of wireless waves. 
And notwithstanding that there were already certain classes of detectors 
already in use ... it was to my mind of distinct public utility that a 
fresh alternative class of instrument should be invented, based on 
entirely different principles and of a very portable and handy design. 
In my judgment, therefore, the invention was one of unusual utility.” 
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